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THE FACTORS & PROTOCOLS THAT INFLUENCE ACCURACY, PRECISION & 
UNCERTAINTY OF ACCURATE MASS MEASUREMENTS BY FOURIER 
TRANSFORM ION CYCLOTRON RESONANCE MASS SPECTROMETRY TO 
VALIDATE THE ASSIGNMENT OF ELEMENTAL COMPOSITION 
 
by Louisa Victoria May Wronska 
 
The  need  for  very  accurate  mass  measurements  of  compounds  is  becoming  more 
demanding  with  the  expansion  of  the  number  of  compounds  in  need  of  correct 
identification and with the limits of elemental analysis; a fast, robust analytical solution 
is sought.  
 
Fourier transform ion cyclotron resonance mass spectrometry (FT ICR MS) is a very 
powerful tool for undertaking accurate mass measurements because of its high resolving 
power and mass accuracy. The use of FT ICR MS in a high throughput environment is 
limited due to the need of operator intervention required to obtain optimum accurate 
mass measurements.  The lowest mass measurement errors (MME) are usually obtained 
using  internal  calibration,  as  the  sample  and  calibrant  ions  inside  the  ICR  cell 
experience the same conditions. However, internal calibration requires calibrant ions to 
be  selected  according  to  the  mass  of  the  sample  ion,  which  requires  operator 
intervention. External calibration is the preferred choice when performing accurate mass 
measurements  in  a  high throughput  environment,  as  a  calibration  can  be  acquired 
independently of the sample. This study aims to demonstrate the use of ion population 
balancing using a dual sprayer approach to reduce MME. Population balancing between 
sample ions and calibrant ions can reduce the MME 40 fold. Ion populations across a 
chromatographic run can also vary greatly. The dual sprayer can also be employed to 
easily control the ion populations of both sample and calibrant entering the cell and can 
help to reduce ion suppression.  
 
The aim of the latter part of the work was to address the uncertainty of an accurate mass 
measurement performed using FT ICR MS. In order to confidently select an elemental 
formula following an accurate mass measurement, a ‘cut off’ limit or tolerance has to be 
selected. This tolerance can be set by calculating the uncertainty of the measurement; 
without an uncertainty component the measurement is meaningless. The work herein 
demonstrates how to calculate uncertainty of an accurate mass measurement with the 
aim  that  journals  will  adopt  a  procedure  of  only  accepting  an  accurate  mass 
measurement which quotes an uncertainty.  
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Chapter 1 – Introduction 
 
The  need  for  very  accurate  mass  measurements  of  compounds  is  becoming  more 
demanding with the expansion of synthesis of new compounds of therapeutic interest 
within the pharmaceutical industry.  The number of compounds in need of accurate and 
precise correct identification is increasing and with the limits of elemental analysis, a 
fast, robust analytical solution is sought.  
 
The idea of designing a robust, open access, high throughput accurate mass system with 
little or no skilled operator intervention is one that has been tried in recent times. High 
throughput  accurate  mass  measurements  have  been  successfully  completed  for 
quadrupole time of flight (Q ToF) instruments.
1 Although studies have been performed 
to  test  the  automation  of  accurate  mass  measurements  using  Fourier  transform ion 
cyclotron resonance mass spectrometry (FT ICR MS),
2,  3 they rarely obtain the mass 
measurement errors comparable with acquiring data on a sample to sample basis. 
 
FT ICR  MS  is  a  very  powerful  tool  for  undertaking  accurate  mass  measurements 
because  of  its  high  resolving  power  and  mass  accuracy.
4,  5  This  makes  it  an  ideal 
technique to acquire accurate mass data. One of the drawbacks of such  a powerful 
instrument that may preclude it from being used in an open access environment is the 
need  of  operator  intervention  in  order  to  get  the  best  possible  accurate  mass 
measurements. 
 
There needs to be a high level of confidence in an accurate mass measurement coupled 
with high accuracy; the agreement of a measurement with the known true value for the 
quantity being measured and high precision; the ability to produce the same values for a 
set of parallel observations. The data collected from accurate mass measurement will 
return a mass measurement error (MME) compared with a list of possible elemental 
formulae. In order to confidently assign an elemental composition it is essential to set 
limits on the data.  
 Chapter 1 – Introduction 
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In order to achieve the best possible results, detrimental factors that affect the mass 
accuracy and resolution must be controlled.  Mass accuracy in FT ICR MS is based on 
the cyclotron orbit that the ions assume inside the ICR cell. In order to gain the best 
mass accuracy, the cyclotron orbits must not be disrupted by other ion ion interactions. 
The idea of ion ion interactions inside the cell is known as space charge effects or space 
charging.
6 These effects can arise from the total number of ions in the cell or total ion 
abundance (TIA) or the individual ions interacting with each other or individual ion 
abundance (IIA) creating Coulomb induced frequency shifts.
7 9 In order to limit the total 
numbers of ions in the ICR cell, automated gain control (AGC) has been introduced in 
trap  instruments  to  reduce  frequency  shifts  due  to  space  charge
10.  AGC  works  by 
monitoring the ion population in the trap. The output signal is relayed back to the data 
processing unit which then limits the total number of ions in the cell by adjusting the 
gain accordingly. AGC has also been introduced to ToF instrumentation to improve 
mass measurement accuracy (MMA).
11 The mass accuracy can also be undermined by 
poor  mass  calibration  of  the  instrument,
12  the  latter  also  being  affected  by  the 
interactions discussed above. 
 
To achieve the best accurate mass measurement these factors must be taken into account 
on  an  individual  sample  basis,  as  different  samples  can  have  different  total  and 
individual ion abundances.  
 
However, even if the accuracy and precisions are high due to implementing procedures 
to  increase  mass  accuracy,  there  is  still  an  inherent  error  on  all  measurements 
undertaken. This error is referred to as uncertainty on the measurement and will exist 
regardless of how the measurement is taken.  
 
To work towards an accurate mass system whereby only one acquisition of the sample 
is taken without prior sample preparation, a protocol must be drawn up to ensure the 
best results are obtained coupled with little or no operator intervention, taking the above 
considerations into account. The aim of this work is to understand the major influencing 
factors which cause large standard deviations in reported error and to implement an 
experimental protocol that addresses this and removes the need of significant analyst 
intervention.  This  work  will  show  that,  although  the  optimum  accurate  mass Chapter 1 – Introduction 
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measurements are achieved by looking at samples on an individual basis, a bespoke 
protocol can be employed to gain comparable results. 
 
This  protocol  will  also  encompass  uncertainty  calculations  on  the  accurate  mass 
measurements  with  a  view  to  reporting  all  accurate  mass  measurements  with  an 
associated uncertainty.  Chapter 2 – FT ICR MS 
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Chapter 2 – FT ICR MS  
 
2.1  Overview 
The theory ICR spectrometry was developed in the 1930’s by Ernest Lawrence, who 
built the first cyclotron accelerator.
13 This was used to study the fundamental properties 
of the atom.
14 The technique of ICR MS was first published in the 1950’s and in 1965 
Cooley  and  Tukey  introduced  a  fast  algorithm  which  made  the  discrete  Fourier 
transform possible.
15 In 1974, Comisarow and Marshall
4 developed FT ICR MS and 
forged the way for more accurate mass measurements. The early development of FT 
ICR MS has been reviewed by Comisarow and Marshall
16 and an in depth review of the 
milestones in  FT ICR MS development has been completed by Marshall
17. 
 
Fourier transform ion cyclotron mass  spectrometry  (FT ICR MS)  is  a form of high 
resolution mass spectrometry (HRMS). The FT ICR MS instrumentation is reported to 
have  resolution  and  mass  accuracy  which  is  higher  than  any  other  type  of  mass 
spectrometer.
4, 5  It is a very flexible and versatile instrument that can be used to give 
mass  spectral  data  from  almost  every  known  ionization  technique.
18  The 
instrumentation  has  been  demonstrated  to  work  with  matrix assisted  laser 
desorption/ionisation  (MALDI),
19  electrospray  ionisation  (ESI),
20,  21  atmospheric 
pressure chemical ionisation (APCI)
22 and can be coupled with HPLC
23 and capillary 
electrophoresis (CE).
24 FT ICR MS has been applied not only to small molecules but 
also for studying large molecules with masses above 100kDa.
16 
 
The reason that FT ICR MS is so versatile stems from the fact that the FT ICR mass 
spectrometers are ion trapping instruments, and mass analysis and ion detection take 
place in a way which was unique among mass spectrometers
18 until the advent of the 
Orbitrap.
25 
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2.2  Instrumentation  
The FT ICR MS system is equipped with five components, but it is the superconducting 
magnet, ultrahigh vacuum system and analyser cell that distinguish the FT ICR MS 
instrumentation from other types of mass spectrometers. The path an ion would follow 
through  an  FT ICR  MS  instrument,  equipped  with  an  ESI  source,  is  shown 
schematically below in Figure 1. 
 
ESI 
Source
Analyser 
Cell
Ultra high Vacuum
10 7 mbar 10 11 mbar Atmospheric 
Pressure
Hexapole: Ion Accumulation Ion Optics
Superconducting 
Magnet
 
Figure 1 – Schematic of an FT ICR MS instrument 
 
2.2.1  The ESI Source 
The work performed herein was conducted using electrospray ionisation (ESI). ESI has 
many benefits which include the capability to sample directly from a solution, and it can 
be used with analytes which are involatile or are thermally unstable.
26 ESI is applicable 
for small molecules as well as for higher molecular weight species, e.g. proteins. It is a 
soft ionisation technique that relies on the molecule to be ionised having acidic or basic 
sites for deprotonation or protonation, respectively.  As it is a soft ionisation technique, 
the molecular species is usually observed, e.g. a protonated molecule; [M + H]
+.  
 
Dole et al.
27 were the pioneers in making it possible to obtain intact macromolecules in 
the gas phase using one of the first electrospray setups. Their foundation work paved the 
way for Fenn and co workers
28 who modified the electrospray in order to couple LC to 
a  mass  spectrometer,  thus  shaping  the  instrumentation  of  today.  Fenn  et  al.
29  then 
produced gas phase ions of macromolecules of up to m/z 130,000. 
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The main components and configuration of an electrospray system are shown below in 
Figure 2.  
 
 
Figure 2 – The main features of an electrospray interface.
26 © 1999 John Wiley & Sons Limited. 
Reproduced with permission.  
 
 
The principles of electrospray are relatively simple. The sample is introduced via a 
liquid and is ionised at atmospheric pressure. An electrospray is created by applying a 
very high electric field to the capillary tip, through which a liquid passes. The electric 
field is produced by applying a potential difference across the capillary and counter 
electrode of ~3 6 kV. The high electric field produces a mist of highly charged droplets. 
The high potential at the capillary tip draws positive ions to the surface of the liquid 
when using positive ionisation. The repulsion of the positive ions at the surface coupled 
with  the  attraction  of  the  electric  field  leads  the  positive  ions  to  overcome  surface 
tension and expand into a Taylor cone
30 (see Figure 3). 
 Chapter 2 – FT ICR MS 
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Figure 3 – Schematic of the Taylor cone.
26 © 1999 John Wiley & Sons Limited. Reproduced with 
permission. 
 
 
 
The  tip  of  the  Taylor  cone  is  the  most  unstable  part  and  it  elongates into  a  liquid 
filament  which  then  breaks  up  into  charged  droplets.  The  removal  of  the  solvent 
molecules is aided by using a stream of drying gas, e.g. nitrogen, or by passing the 
liquid through a heated capillary. These ions created can be singly charged or multiply 
charged.  
 
The process of positive electrospray ionisation is shown below.  
 
) ( ) ( ) ( g
n
l nH M M
+ + →  
Equation 1 
 
There are two principal mechanisms which have been proposed to explain the process 
by which gas phase ions originate from small, highly charged droplets. There have been 
controversies over which one applies in recent years.
31 They are briefly described below 
and shown in Figure 4. 
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Solvent Evaporation Coulombic Fissions
Charged Residue Model Ion Evaporation Mechanism
Series of fission 
events & solvent 
evaporation
Single analyte 
molecule with charge
Radii of droplets 
decreases
Solvated ion 
emitted from the 
charged droplet  
 
Figure 4 – Diagram illustrating ion formation in electrospray using the IEM and CRM  
 
 
The first mechanism was proposed by Dole et al.
27, 32 whereby a series of fission events 
ends in the production of small droplets that bear one or more charges but only a single 
analyte molecule. As the remaining solvent molecules evaporate the charges locate to 
sites on the molecule which lead to the most stable gas phase ion. This model is referred 
to as the charged residue model (CRM). This model is thought to take place for larger 
molecules. 
 
The second mechanism was proposed by Iribarne and co workers
33,  34 and states that 
solvated ions are emitted directly from charged droplets after the radii of the droplets 
decreases. At a certain point before the Rayleigh limit, when the radius of the molecule 
is  <10  nm  and  when  the  electric  field  on  the  surface  of  the  charged  droplets  is 
adequately high, an ion is emitted directly into the gas phase. This model is referred to 
as the ion evaporation mechanism (IEM).  
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This IEM is more likely to take place for lower mass molecules, such as the ones used 
in this work. This is because there is a general consensus, although limited evidence, 
that larger molecules are formed using the CRM.
31  
 
2.2.2  The Superconducting Magnet 
In order to force the ions, created by the source, into their cyclotron motion (discussed 
in 2.3   Ion Motion) a magnetic field is required. This can either be a permanent magnet, 
electromagnet or superconducting magnet. The permanent magnet has the weakest field 
of  the  three.  In  order  to  achieve  higher  field  strengths  from  3T  up  to  20T,
18  a 
superconducting magnet is required. Liquid helium and nitrogen are needed in order to 
maintain  the  magnet  coil  temperature  of  4.2  K.  This  low  temperature  is  needed  to 
overcome  electrical  resistance  so  the  superconductors  can  operate  efficiently.  The 
magnet needs to be regularly filled with these cryogenic liquids. These magnets are 
comparable  with  those  used  in  NMR  spectroscopy,  one  difference  being  that  the 
magnetic field in FT ICR MS lies horizontally, as opposed to vertically in NMR. The 
applied magnetic field, B, is linearly proportional to mass resolving power and thus the 
magnet strength dictates the mass resolving power achievable with FT ICR MS. Mass 
resolving  power  is  one  of  many  factors  that  benefits  from  a  higher  magnetic  field 
strength, others include data acquisition speed and upper mass limit.
35 
 
2.2.3  The Vacuum System 
Although all types of mass spectrometer require a vacuum system, FT ICR MS systems 
require  an  ultra high  vacuum.  The  ultra high  vacuum  in  FT ICR  MS  is  needed  to 
achieve high resolution. This is because the higher the vacuum, the longer the mean free 
path  and  therefore  the  lower  the  possibility  of  the  ion  of  interest  colliding  with 
unwanted gaseous molecules. For ultra high resolution, pressures of 10
 9 – 10
 11 mbar 
are required. At a vacuum of 10
 11 mbar, the mean free path of the ion is 500 kilometres. 
These very low pressures are provided by turbomolecular pumps or cryogenic pumps. 
When  ESI  is  employed,  several  stages  of  ‘pump  down’  are  needed.  As  ESI  is  an 
atmospheric  pressure  ionisation  (API)  technique  and  the  cell  is  under  ultra high 
vacuum, sections of the FT ICR mass spectrometer are placed under ever decreasing 
pressures using several vacuum pumping stages (see Figure 1).  Chapter 2 – FT ICR MS 
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2.2.4  The Analyser Cell 
The heart of the FT ICR mass spectrometer is the analyser cell, where ions are trapped, 
exposed  to  the  magnetic  and  electrical  fields,  forced  into  their  magnetron  motion, 
analyzed and detected. The cell is placed in the homogeneous region of the magnetic 
field. 
 
There are two main types of analyser cell; the cubic cell (Figure 5) and the open ended 
cylindrical cell (Figure 6), although there as many as 17 others.
36 The cubic cell was the 
first type of analyser cell to be used in FT ICR MS
37 and is still widely in use today, but 
it is better matched to the design of an electromagnet as it fits between the narrow gap 
between  the  pole  caps.  The  open ended  cylindrical  cell  is  the  preferred  choice  for 
modern FT ICR MS instrumentation as the shape and dimensions of the cell make it 
more suitable to be placed into the bore of the superconducting magnet.
18  
 
The cubic cell comprises of six plates arranged to form a cube. Two pairs of opposing 
plates lie parallel to the magnetic field and one pair is orthogonal to the magnetic field 
and these are called the trapping plates. The other four plates are used for excitation and 
detection. In one of the plates there will be an orifice through which ions enter the cell. 
 
 
 
Figure 5 – The cubic analyser cell, with ion motion shown schematically.
38 © 2000 Reprinted with 
permission of Wiley Liss, Inc. a subsidiary of John Wiley & Sons, Inc. Chapter 2 – FT ICR MS 
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The open ended cylindrical cell has six electrodes which perform the same objective as 
the six plates in the cubic cell. The trapping electrodes are the plates on the ends of the 
cylinder. The other four electrodes are located in the centre of the cylinder and are for 
excitation  and  detection.  These  electric  and  magnetic  fields  govern  the  ion  motion 
inside the analyser cell and are discussed later in section 2.3 – Ion Motion. 
 
Figure  6  – The open ended cylindrical  analyser cell (Infinity cell, provided courtesy of Bruker 
Daltonics) 
 
 
The use of a cell to trap ions increases the possible time of detection and therefore 
sensitivity and resolution.
38  
 
Once ions are inside the analyser cell, they are stored using the trapping plates held at a 
small potential, ~1 V. Due to the large magnetic field, the ions start their cyclotron 
motion; ions with the same m/z have the same cyclotron frequency. However, they will 
have  different  energies  and  therefore  different  velocities  in  their  orbit.  All  ions  are 
excited to the same radius.  
 
In order to achieve a measurable signal, the ions of the same m/z are coherently excited 
to create ion packets. The excitation comes from an r.f. applied to the excitation plates 
in the analyser cell. The ion packet is only stable over a long period if the magnetic field 
is sufficiently homogenous and a pressure of 10
 9 mbar or lower prevails in the cell.
38 
This ultra high vacuum ensures the ion packet does not decompose by collisions with Chapter 2 – FT ICR MS 
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residual gaseous molecules present in the cell. Any collisions would lead to a deviation 
of  the  trajectory  of  the  ion,  leading  to  loss  of  mass  resolution  and  mass  accuracy. 
Ultimately the ion is liable to lose its charge on the walls of the instrument and therefore 
not be detected.  
 
The ion detection principle is based on the rotating electric monopole signal model 
postulated by Comisarow.
39 For signal generation purposes, the model consists of a 
rotating  monopole  which  is  equivalent  to  a  rotating  electric  dipole  seen  in  ICR 
spectroscopy.  When  an  ion  packet  passes  one  of  the  detection  plates,  a  current  is 
induced in the two plates (Figure 7) by attraction, in the case of a positive ion, or 
repulsion, in the case of a negative ion. 
 
Detection Plates
 
Figure 7 – Signal generation by the rotating monopole.
38 © 2000 Reprinted with permission of 
Wiley Liss, Inc. a subsidiary of John Wiley & Sons, Inc.  
 
 
This leads to an alternating voltage which fades away with time, known as the transient. 
By accumulating n transients, the signal to noise ratio can be improved by a factor of 
n
½. 
 
This signal is then converted from the time domain to the frequency domain by Fourier 
transformation. Then by using Equation 3 (discussed fully in 2.3   Ion Motion), the 
frequency spectrum can be converted into a mass spectrum. 
  Chapter 2 – FT ICR MS 
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2.3  Ion Motion 
The magnetic and electric fields used in FT ICR MS govern the ion motion within the 
analyser cell. The motion of the ions can be stated in Equation 2 below: 
 
( ) B v q qE F ⊗ + =  
Equation 2 
 
This shows how the sum of the forces, F, that act upon an ion of charge, q, and velocity, 
v, arises from the ion’s interaction with magnetic field, B, and electric field, E. 
 
The  magnetic  field  is  homogeneous,  unidirectional  and  uniform.  The  value  B  is  a 
constant in the volume of the analyser cell and is constant over time. The electric field 
comes  from  the  voltages  applied  to  the  electrode  and  can  have  both  r.f.  and  d.c. 
components. The electric field can also be influenced by the ions themselves. This can 
lead to a phenomenon called space charge, which is discussed later in 2.4 – Space 
Charge Effects. 
 
2.3.1  Cyclotron Motion 
The basis of FT ICR MS is the ion cyclotron motion of the ion. The motion occurs from 
the interaction of an ion with the magnetic field. The magnetic field acts on the velocity 
of the ion which perpendicular to the magnetic field. This means the ion feels a force, 
called the Lorenz force that is perpendicular to the direction of the velocity and the 
magnetic field. With this force acting on the ion, the ion travels in a circular orbit that is 
perpendicular to the magnetic field.  Figure 8 below shows the cyclotron motion of an 
ion in a magnetic field. 
 
 
Figure 8 – Cyclotron motion of an ion in the magnetic field. The magnetic field is pointing into the 
plane  of  the  page  &  the  cyclotron  motion  is  perpendicular to  the  magnetic  field line.  The ion 
experiences a downward anti clockwise force. Chapter 2 – FT ICR MS 
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The cyclotron motion is characterised by the cyclotron frequency. This is a frequency 
where the ion repeats its orbit, and it is defined by three parameters; the strength of the 
magnetic field, B; the charge on the ion, q; and the mass of the ion, m. This is shown in 
Equation 3.  
 
m
qB
fc π 2
=  
Equation 3 
 
The m/z value can be determined from the cyclotron frequency as the magnetic field in 
FT ICR  MS is  held  constant. This is an important relationship as it shows  that the 
cyclotron frequency is independent of the ion’s velocity and therefore also of its kinetic 
energy. This is unlike other mass spectrometers where the kinetic energy of the ion has 
a  marked  effect  on  mass  analysis.  This  is  because  instruments,  like  ToF  mass 
spectrometers, rely on mass resolution from the spread of kinetic energies of the ions. 
This is one reason why the FT ICR MS instruments can achieve ultra high resolution 
whilst other mass spectrometers, such as ToF mass spectrometers, cannot. The kinetic 
energy of the ion in FT ICR MS does, however, dictate the radius of the ions orbit and it 
therefore scales with the ion’s velocity (or square root of the kinetic energy). Ions will 
typically have a cyclotron radius of the order of 100  m. 
 
2.3.2  Trapping Motion 
Modern  analyser  cells  have,  as  mentioned  earlier,  two  plates  perpendicular  to  the 
magnetic field to create a potential well to trap the ions. If these trapping plates were 
absent, the time an ion spent in the cell would be of the order of milliseconds. The 
trapping  plates  are  of  importance  because  without  them  the  ion  would  have 
unconstrained movement along the magnetic field line, as any ion moving parallel to the 
magnetic field experiences no force from it. When a small positive voltage is applied to 
the  trapping  plates,  positively  charged  ions  are  trapped.  Similarly,  a  small  negative 
voltage applied to the trapping plates traps negatively charged ions. The ions trapped 
between  the  plates  undergo  a  simple  harmonic  oscillation  along  the  plane  of  the 
magnetic field; this is the trapping motion. 
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2.3.3  Magnetron Motion 
The ions trapped in the cell can be stored there for seconds, minutes or even hours due 
to the 3 D ion trap created by the magnetic and electric fields. Although the trapping 
motion and the cyclotron motion are not coupled, when the magnetic field and electric 
field combine they produce a third motion, the magnetron motion. 
 
It is important to remember the magnetic field constricts the ion motion along the xy 
axis of the cell, perpendicular to the magnetic field which is on the z axis. The trapping 
potential  constrains  ion  motion  along  the  z axis.  The  electric  potential  reaches  a 
maximum at the trapping plates and therefore its minimum is at the centre of the cell. 
The minimum is a non zero value but is an average of the d.c. voltages applied to the 
six plates. The two trapping plates which give the trapping potential act as a restoring 
force that traps ions along the z axis but repels them in the xy plane. The electric fields 
act to drive ions away from the centre of the analyser cell and the magnetic field acts to 
prevent the ions from colliding with the walls of the cell. 
 
Magnetron frequencies, in the order of 1 100 Hz, are much lower than those of the 
cyclotron frequencies (5 kHz – 5 MHz). The magnetron frequency, fm, is defined as a 
function  of  the  magnitude  of  the  trapping  potential,  V;  the  magnetic  field,  B;  the 
distance between the trapping plates, a; and the geometry factor of the cell, α. This is 
shown in Equation 4. 
 
B a
V
fm 2 π
α
=  
Equation 4 
 
The  magnetron  frequency  is  independent  of  the  m/z  value  and  is  the  result  of  the 
curvature of the trapping electric field due to the finite length of the electrodes. 
 
All three ion motions; cyclotron, trapping and magnetron, in the analyser cell are shown 
in Figure 9.  Chapter 2 – FT ICR MS 
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Figure 9 – Schematic showing the three ion motions inside an analyser cell
38. © 2000 Reprinted with 
permission of Wiley Liss, Inc. a subsidiary of John Wiley & Sons, Inc.  
 
 
2.4  Space Charge Effects 
The  effects  of  space  charge  have  long  been  known  to  limit  the  mass  accuracy  of 
measurements in ICR and FT ICR.
40 The effect is mainly due to the ions in the trap 
influencing each other. The effect can be more noticeable in an FT ICR MS instrument 
due  to  the  precise  mass  measurements  it  acquires,  so  any  unaccounted  shift  in  the 
cyclotron frequency can give rise to poor mass accuracy. 
 
For an FT ICR MS instrument, ion  space charge can cause systematic shifts in the 
observed cyclotron frequency of ions, limiting accurate mass measurements.
41  Space 
charge arises from the influence of the electric field on the ions trapped in the analyser 
cell upon each other and has been quantified by Jefferies, Barlow and Dunn.
6 This is 
shown in Equation 5. 
 
B
G q
B a
V
m
qB i
obs
0
2
2
ε
ρ α
ω − − =  
Equation 5 
 
The  first  term  on  the  right  hand  side  of  the  equation  is  the  unperturbed  cyclotron 
frequency. It is comprised of q, the coulombic charge on the ion; B, the strength of the 
magnetic field; and m, the mass of the ion. The magnetron frequency of the ions is 
accounted for in the second term, where a is the diameter of the cell; α is a constant Chapter 2 – FT ICR MS 
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form the cell geometry; and V is the voltage applied to the plates. The third term is a 
correction term for the space charge effect on the observed frequency; where ρ is the ion 
density; Gi; is a value related to the ion cloud and is a constant, and ε0 is the permitivity 
of free space. 
 
The  greatest  variation  in  the  magnitude  of  the  space  charge  effect  arises  from 
differences in the ion density, caused by changes in the number of ions within the cell 
from one ionisation event to the next.
41 When ions interact with each other they do so 
with  coulombic  forces.  This  can  lead  to  line  broadening  in  the  spectrum  and 
uncalibrated  shifts  in  the  cyclotron  frequency.  High  accuracy  mass  measurements 
cannot be obtained without taking space charge into account or eliminating it altogether. 
Methods have been employed to quantify space charge and hence remove it from the 
measurement  either  physically  or  by  using  post  experiment  calculations.
6  Physical 
methods that have been shown to reduce space charge effects include using two separate 
pulse sequences which alter the applied trap potentials to reverse the effects of ion 
coupling by reducing the density of the ions in the cell.
42 By only allowing a small 
number of ions into the cell, the space charge effects are reduced due to a lower number 
of  interactions.  New  FT  ion  trap  mass  spectrometers,  such  as  the  Orbitrap,
43  have 
automated gain control which limits the number of ions entering the cell regardless of 
the concentration of the solution.
44 The process of limiting the total number of ions in 
the cell can help to reduce space charge effects from cell overloading, thus reducing 
cyclotron frequency shifts which impact on the mass accuracy. 
 
Ideally, when undertaking any mass measurements, if only one type of species was 
present in a controlled amount inside the cell, space charge effects would be near zero. 
Unfortunately,  in  a  real  world  situation  the  cell  is  never  under  ‘perfect’  vacuum 
conditions and there will always be residue gaseous molecules inside. In addition to that 
there will be other species present apart from the one of interest. The other species could 
include by products of a synthesis or contaminants due to the storage conditions e.g. 
plasticisers.  Any  interactions  of  the  ion  of  interest  with  other  ions  will  lead  to  a 
deviation of the orbit they have inside the cell, which in turn leads to inaccuracy in the 
mass measurement.  
 Chapter 2 – FT ICR MS 
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An accepted view is that an ion with a larger m/z will influence the orbit of an ion with a 
smaller m/z. The ion with a larger m/z will have a lower velocity in its orbit (i.e. a lower 
frequency) than that of a smaller m/z ion whose orbit will be faster in velocity (higher in 
frequency). The faster velocity orbit ions can collide with slower velocity orbit ions, 
knocking the smaller m/z ions off trajectory and possible disrupting the cloud of higher 
m/z ions, hence leading to larger mass measurement errors of the smaller m/z ions. 
 
Ion cloud behaviour inside an FT ICR cell has been recently modelled by Nikolaev et 
al..
45 These computational studies show many ions of two species inside a 2D cell. The 
point of particular interest is that the ions start as a uniform balls of ions and as they 
start their orbits they gain a ‘tail’, comparable with a comet. As time progresses, the 
‘tails’ get larger and start to interfere with the ‘head’ of the second species.  
Space charge effects will be very important if high throughput, open access accurate 
mass measurements are to be undertaken with little or no operator intervention.  This is 
because ion abundances can vary greatly across a chromatographic acquisition, which 
may be employed in a high throughput environment, and the number of ions entering 
the cell cannot be controlled easily. Also, a high throughput environment will probably 
utilise  an  external  calibration  procedure  which  requires  ion  population  balancing  in 
order to achieve minimum mass measurement errors.
18, 46 These issues will be discussed 
later in greater detail. 
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Chapter 3 – Accurate Mass Measurements 
 
3.1  Overview 
Accurate mass measurements can be used to uniquely identify elemental formulae of 
specific  ions.
47  Confident  elemental  composition  assignment  is  essential  for  the 
characterisation of small molecules in many fields e.g. in the drug design sector or for 
natural  products.
48  Modern  accurate  mass  measurements  performed  using  high 
resolution  instruments,  such  as  the  FT ICR  mass  spectrometers,  often  utilise  an 
automated program to generate a list of possible elemental formulae. Constraints can be 
set to limit, for example, the number of carbons in the composition in order to narrow 
down the selection. Parameters can also be altered in order to reduce the list size; e.g. by 
applying the nitrogen rule or by utilising the rings plus double bonds rule.
49   
 
In the 1950s, John Beynon
47 first proposed the idea that an elemental formula could be 
deduced from a mass spectrum if there was sufficient accuracy in the measurement. He 
also recognised the fact that if the compound was a complete unknown there would be a 
much larger list of possible empirical formulae.   
 
Historically, performing accurate mass measurements has been a manual and labour 
intensive process using a magnetic sector instrument, but with the development of the 
ToF and FT ICR mass spectrometers this process has been made more accessible.
50 In 
order to correctly identify a molecule confidently, either elemental analysis or accurate 
mass  measurements are  used. The need for  quick, accurate mass  measurements  has 
increased over the last few years with the confines of elemental analysis and also the 
sheer  volume  of  samples  that  are  produced  due  to  high throughput  synthesis  and 
commercial gains. High resolution mass spectrometry offers a superior alternative to 
other methods due to the low amount of sample required and the speed of analysis, 
though the purity of the compound must be guaranteed for it to be a true comparison 
with elemental analysis. 
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3.2  Choosing the Correct Elemental Formula 
With the advent of high resolution mass spectrometry it has been possible to measure 
mass with sufficient accuracy that elemental composition can be determined.
47  
 
However, this is usually only true if the measurement is completed with sufficient mass 
accuracy and for a limited relative molecular mass. As the mass increases, so too does 
the number of possible elemental formulae. This is highlighted in Table 1.  
 
 
Table 1 – Example of the number of theoretical elemental formulae candidates for three different 
known species at nominal masses m/z 200, 500 & 700
50 
 
 
Table 1 shows the number of theoretical candidates for three simple compounds. In 
Example 1, if the composition is limited to the elements C, H, N and O, there is only 
one candidate at 5ppm. If the compound composition was a complete unknown more 
elements would need to be included in this. Even at this low mass (nominal m/z 200), 
the  number  of  candidates  increases  dramatically  to  24.  As  the  mass  increases,  the 
number of possible formulae also increases. At nominal mass m/z 700, including just the 
common elements, the number of possible formula is 28 using the 5ppm limit. If an 
unknown is assumed, then the number of possible compositions is over 500 using a 
1 ppm limit.  
 
There are several ways to reduce the number of possible elemental formulae following 
an  accurate  mass  measurement  by  using  additional  chemical  and  spectrometric 
knowledge. These additional ways are described below. 
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3.2.1  Isotope Information 
Many  elements  have  distinctive  isotope  patterns  which  can  be  used  to  the  mass 
spectrometrist’s  advantage.  Using  careful  inspection  and  isotope  pattern  modelling 
programs, it is possible to reduce the number of possible elemental formulae candidates. 
For example,  the 
12C/
13C ratio  can  be used  to calculate the approximate  number  of 
carbon atoms in the molecule. The current approach uses the fact that carbon contains 
approximately  1.1%  of  the 
13C  isotope.  The  approximate  value  takes  into  account 
worldwide 
13C abundance variations. It should be noted that this is an averaged and 
approximate value that is used for this calculation and similarly the performance of the 
mass spectrometer in accurately reproducing true isotope ratios needs to be guaranteed.  
 
There  are  computer  programs  available  which  enable  isotope  matching  in  order  to 
further  reduce  the  number  of  elemental  formulae  by  matching  the  acquired  mass 
spectrum with a library or generated mass spectrum. If the match is ‘good’ then the 
program  automatically  selects  the  ‘correct’  elemental  formula.  There  are,  however, 
drawbacks with these type of programs. At present, they do not take into account the 
variations in isotope abundances across the world. This could lead to identification of 
false positives. 
 
3.2.2  The Nitrogen Rule
49 
For compounds containing common elements, there is a relationship between the mass 
of the element’s most abundance isotope and its valence. Either both are odd numbered 
or both are even numbered. This is true for most elements with the major exception of 
nitrogen, which has an even isotope of 14 as the most abundant but has a valence of 
three. This means a compound containing common elements and an odd number of 
nitrogen atoms will have an odd molecular weight. If the molecule has no or an even 
number of nitrogen atoms, it will have an even molecular weight. 
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3.2.3  Rings Plus Double Bonds (R + DB) Rule
49 
Using valency considerations the total number of rings and double bonds in a molecule 
of formula CaHbNcOd is shown in Equation 6. 
 
1 2
1
2
1 + + − = + c b a DB R  
Equation 6 
 
Where other elements are present, they are added to the element with corresponding 
valency e.g. F, Cl, Br have a valence of 1 and can be added to the number of hydrogen 
atoms.  
 
For an elemental formula to be possible the R + DB value has to be greater than  1.5. 
This rule is based on the lowest valence state of the elements and does not include 
double bonds formed to elements in higher valence states.   
 
If the ion is an odd electron species (M
+ ) the R + DB value will be an integer. If the ion 
is an even electron species (M + X)
+, as usually seen in ESI, then the R + DB will be a 
non integer (Z.5). This means if the ion type is known, some elemental formulae in the 
list can be immediately discounted. 
 
One drawback is the formal valence of each of the elements must be known. This is not 
a problem for the common elements such as C, H, N, O and the halogens but becomes 
more of a problem with elements such as sulfur. Sulfur’s valency depends on which 
form it takes in a molecule and similar problems occur with phosphorus. New rules 
have  been  developed  to  address  problems  such  as  these.  Badertscher  et  al.
51  has 
described these new rules, however there are still drawbacks of these new methods. 
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3.3  Reporting Accurate Mass Measurements 
Usually once an accurate mass measurement has been made, an error, most likely to be 
reported in parts per million (ppm), is quoted. Parts per million is a relative, unitless 
quantity. This is the standard definition in which most journals accept the reporting of 
error.
52,  53 The error is defined as the distance from the true value. The true value is 
calculated from the theoretical mass. The problem occurs with a complete unknown 
compound where the true value is not known. Once an accurate mass measurement has 
been made, the analyst is confronted with a list of possible list of elemental formulae 
with varying degrees of error. Where the ‘cut off’ limit is set is usually up to the analyst 
and what he/she thinks the instrument is capable of performing.  
 
For publication purposes, an arbitrary value of 5 ppm is often set as the limit for an 
accurate mass measurement to be accepted. This has been a historic relic dating back to 
the days of when accurate mass measurements were performed using sector instruments.  
Some modern journals do not set appropriate guidelines for acceptable accurate mass 
measurements.  
 
The Journal of the American Society of Mass Spectrometry (JASMS) highlights the 
need for appropriate ‘cut off’ limits. An editorial was issued in 1994 to emphasise the 
need for an uncertainty to be quoted with the accurate mass measurement.
54 The newest 
guidelines from the JASMS states; “When valence rules and candidate compositions 
encompassing C0 100, H3 74, O0 4, and N0 4 are considered at nominal parent m/z of 118, 
there are no candidate formulae within 34 ppm of each other. When the ion is of m/z 
750.4 and the formulae are in the range C0 100, H25 110, O0 15, and N0 15, there are 626 
candidate formulae that are possible within 5 ppm. Thus, for a measurement at m/z 118, 
an error of only 34 ppm uniquely defines a particular formula, whereas at m/z 750, an 
error  (and  precision)  of  0.018  ppm  would  be  required  to  eliminate  all  extraneous 
possibilities.”
52 
 
Dalton  Transactions  states  in  the  author  guidelines  for  submitting  articles;  “Exact 
masses quoted for identification purposes should be accurate to within 5 ppm (EI and 
CI) or 10 ppm (FAB or LSIMS).”
53 There is no mention of the error limits from modern Chapter 3 – Accurate Mass Measurements 
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accurate mass instrumentation which utilises ESI or why an accurate mass measurement 
limit should be related to the choice of ionisation technique.  
 
The Journal of the American Chemical Society is even more vague on the conditions 
under which accurate mass measurement should be performed; “Evidence of molecular 
weight should be provided, especially if elemental analysis was not performed. Low 
resolution  MS  data  under  conditions  that  minimize  fragmentation are  acceptable.  If 
there is a specific need to distinguish alternative formulas with the same molecular mass 
(within one amu), then HRMS data are necessary.”
55  
 
It is only the Journal of the American Society of Mass Spectrometry that entertains the 
idea that different instruments and conditions produce different results and imposing a 
blanket error limit is impractical.  JASMS states “For publication of exact mass data 
that  are  used  to  confirm  identities  of  synthetic  and  natural  products,  report  the 
uncertainty in the accurate mass measurement used for formula verification along with 
the result. The acceptable uncertainty in a measurement by any analytical method must 
be adequate for the intended use of the data.”
52 
 
It  is  the  author’s  belief  that  a  protocol  is  needed  to  unify  the  way  accurate  mass 
measurements are reported. There is a clear variation of how different journals expect 
accurate  mass  measurements  should  be  reported.  Without  a  standard  method  of 
reporting accurate mass measurements with an uncertainty component, the confidence 
in the measurements is nil. The hope is all journals will adopt this idea and by doing so 
remove  the  meaningless  5  ppm  limit.  As  with  most  other  validated  experimental 
methods  where  a  confidence  limit  is  needed,  an  uncertainty  value  is  often  quoted. 
Accurate mass measurements should be quoted with an uncertainty, which will take into 
account the instrument and conditions used. The purpose of this study is to design a 
protocol which can be used to acquire accurate and precise accurate mass measurements 
with an associated uncertainty component to correctly describe the measurement taken. 
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3.4  High Throughput Accurate Mass Measurements 
Within accurate mass measurements it is the confidence in the single measurement, 
rather  than  the  averaged  accurate  mass  measurement,  which  is  critical  in  a  high 
throughput  environment.  This  is  because  there  may  be  lengthy  chromatographic 
methods employed before the accurate mass is measured and it would be impractical to 
undertake  repeat  analyses.  There  needs  to  be  a  high  level  of  confidence  in  the 
measurement coupled with accuracy, the agreement of a measurement with the known 
true value for the quantity being measured, and precision, the ability to produce the 
same values for a set of parallel observations.  
 
Once accurate mass measurements have been made, the selection of the appropriate 
elemental  formula  is crucial  to  affording  correct assignment  of  the  ion.  In  order  to 
confidently assign an elemental composition, is it essential to set error limits on the data 
to minimise the number of possible elemental compositions. 
 
The  procedure  of  obtaining  accurate  mass  measurements  will  always  contain  a 
calibration step; either external or internal calibration. Mass calibration is essential as it 
takes into account any day to day changes of the performance of the instrument. A 
calibrant solution must have several known mass peaks present and must ‘bracket’ the 
analyte peak. The lowest number of calibrant peaks used in a calibration for FT ICR 
MS is three, for a linear calibration protocol. 
 
External calibration is often the easiest to implement  as the calibrants are  analysed 
before an accurate mass measurement is taken. For ESI, a single calibration solution 
which can be used for a wide range of compounds is analysed prior to the sample. 
External calibration is the favoured choice in a high throughput environment due to its 
flexibility. Internal calibration, although giving superior mass measurement error,
46 can 
pose problems. Whilst internal calibration generally gives a lower mass measurement 
error than external calibration, as the analyte and calibrants experience exactly the same 
conditions inside the analyser cell, the calibrants need to be ‘hand picked’ for each 
analyte so that they do not interfere with the analyte peak and so that the calibrants 
peaks lie either side of the analyte peak. External calibration has been reported to give 
mass  accuracy  that  is  sub  ppm
44  when  specific  conditions  are  employed.  These Chapter 3 – Accurate Mass Measurements 
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conditions include ion population balancing between calibrant and sample.
18, 46 This will 
involve  limiting  sample  populations,  which  can  be  difficult  to  implement  with 
chromatography due to ion abundance fluctuations across an acquisition.  Chapter 4 – An Introduction to Error & Uncertainty 
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Chapter 4 – An Introduction to Error & Uncertainty  
 
4.1  Introduction to Uncertainty 
The definition of uncertainty of a measurement is; “a parameter associated with the 
result  of  a  measurement,  that  characterises  the  dispersion  of  the  values  that  could 
reasonably be attributed to the measurand.”
56 
 
The uncertainty of a measurement can consist of many components. The uncertainty can 
occur  from,  for  example,  instrument  variations,  operator,  volumetric  equipment, 
uncertainty of masses etc. These components which may contribute to the uncertainty of 
the measurement can be evaluated using two methods.
57 The first method is Type A 
whereby uncertainty is evaluated based on the statistical distribution of results and their 
standard deviations. The second method is Type B where the uncertainty is evaluated 
from  assumed  probability  distributions.  This  information  can  be from, for  example, 
authoritative published quantity values, quantitative values from a certified reference 
material or from a calibration certificate. 
 
When estimating the overall uncertainty it is important to try to account for each source 
of uncertainty separately. Each uncertainty component, which can be expressed as a 
standard deviation, is known as a standard uncertainty, u(xi). The total uncertainty is 
calculated  by  pooling  the  individual  standard  uncertainties  to  create  the  combined 
uncertainty; uc(y).  
 
The  expanded  uncertainty;  U,  is  most  commonly  used  in  the  field  of  analytical 
chemistry.
56 This is calculated by multiplying the combined uncertainty by a coverage 
factor, k. The choice of the coverage factor is decided by the confidence level required; 
e.g. k is 2 for 95% confidence.
56  
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4.2  The Difference Between Error & Uncertainty 
The main difference between error and uncertainty is that error is a single value and 
uncertainty is a range. Error is defined as the difference between the result and the true 
value of the measurand. The uncertainty of the result of a measurement should not be 
interpreted as representing the error itself. 
 
Errors  fall  into  three  categories;  random,  systematic  and  spurious.  A  random  error 
occurs from unpredictable variations.  The random effects will lead to fluctuations in 
repeated  observations  of  the  measurand  and  cannot  be  compensated  for,  although 
increasing  the  number  of  repeat  measurements  will  reduce  the  random  effect’s 
influence. 
 
Systematic errors are a component of error which will remain constant or vary in a 
predictable way throughout a number of analyses of the same measurand. Systematic 
effects cannot be reduced via numerous repeats but can, and should be, corrected for. 
 
Spurious errors often occur through human fault or instrument malfunction. Examples 
include  cross contamination  of  samples  or  transposing  digits  in  a  number  when 
recording  data.  Measurements  with  spurious  errors  should  be  rejected  and  not 
considered during statistical evaluation. Outlier tests may be employed to check for the 
presence of these errors. Uncertainty estimations do not account for this type of error. 
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4.3  Estimation of Measurement Uncertainty 
There are four main steps in estimating the measurement uncertainty for an experiment. 
Figure 10 shows a flow diagram of the entire process. The main steps are: 
1)  Identify clearly what is being measured and the interaction with the input 
quantities.  
2)  Identify the sources of uncertainty. These may include sources from the first 
step as well as sources occurring from chemical assumptions.  
3)  Quantify uncertainty components. Either measure or estimate the size of the 
uncertainty from each component.  
4)  Calculate  the  combined  uncertainty.  Once  the  individual  components  are 
quantified and expressed as standard uncertainties, they can be combined 
and the appropriate coverage factor applied. 
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Figure 10 – The uncertainty estimation process 
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4.4  Accurate Mass Measurements & Uncertainty 
The  uncertainty  estimation  process  can  be  applied  to  many  different  analytical 
experiments. The rule is the simpler the experiment; the simpler the uncertainty process. 
It  is  important  to  first  identify  the  measurand  and  identify  the  possible  sources  of 
uncertainty. 
 
The measurand for an accurate mass measurement using an FT ICR mass spectrometer 
is the cyclotron frequency. It is useful to use an equation to describe the process and the 
possible sources of uncertainty. The cyclotron frequency equation is shown below. 
 
m
qB
fc π 2
=  
Equation 7 
 
The next step is to list all the possible contributors to the overall uncertainty using the 
defining  equation  as  a  guide.  The  EuraChem  Guide
56  suggests  to  organise  these 
contributors into a cause and effect diagram. 
 
The possible sources of uncertainty from the measurement of cyclotron frequency are 
displayed in Figure 11 as an uncertainty branch diagram. 
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Figure 11 – Cause and effect uncertainty diagram for obtaining the cyclotron frequency 
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Usually,  the  measurand  in  an  analytical  measurement  is  the  end  result  and  the 
uncertainty  is  calculated  on  the  measurand.  However,  for  an  accurate  mass 
measurement made on an FT ICR mass spectrometer, the cyclotron frequency is not the 
end  point.  A  further  calculation  is  used  to  determine  the  mass  from  the  from  the 
cyclotron frequency. Figure 11 does not include other possible sources of uncertainty in 
this step from the cyclotron frequency to an m/z value, so this is shown in a separate 
branch diagram below. 
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Figure 12 – Cause and effect diagram for source of uncertainty in an accurate mass measurement 
 
 
Using the cause and effect diagrams and the uncertainty process shown in Figure 10, it 
is possible to start applying values to the uncertainty sources. 
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4.4.1  Uncertainty from Calibration 
The uncertainty from a calibration process can be calculated using the rules to convert 
the  components  to  standard  uncertainties  and  combining  them.  All  the  uncertainty 
calculations  will  only  be  estimates  and  there  is  specific  set  of  rules  to  follow  for 
calculating the uncertainty on a linear calibration.  
 
The equation of a linear calibration from an FT ICR mass spectrometer, in terms  m
1  is 
shown below in Equation 8, where; m is the mass, f is the frequency, ML1 is the slope 
and ML2 is the intercept. 
 
2
1
ML f
ML
m
−
=  
Equation 8 
 
Equation 8 can be rearranged in order to have frequency as the y parameter, shown in 
Equation 9.  
 
2
1
ML
m
ML
f + =  
Equation 9 
 
In  order to calculate the  uncertainties from the calibration, the equations below are 
utilised,
56 where; p is the number of measurements to determine  0 m , n is the number of 
measurements for the calibration,  0 m  is the determined mass of the sample,  m  is the 
mean reciprocal mass value of the calibration standards,  f  is the frequency  from the 
calibrations, and j is the index for the number of measurements to obtain the calibration 
curve. 
 
xx S
m m
n p ML
S
m
u
2
0
0
1
1 1
1
1 

 

 −
+ + =  


 


 
Equation 10 
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Equation 11 
 
2
1
1 ∑
=





 − =
n
j j
xx m m S  
Equation 12 
 
These equations will give the standard uncertainty for
0
1
m , which is the reciprocal of 
the determined  mass of the sample. The reciprocal factor is  due to the relationship 
between  frequency  and  mass  shown  in  Equation  8  and  Equation  9.  The  resulting 
uncertainty will be inverted and converted into ppm for ease of understanding. 
 
4.4.2  Combining Standard Uncertainty 
Once  the  individual  uncertainty  components  have  been  estimated,  they  need  to  be 
combined  to  give  the  overall  uncertainty.  For  this  example  of  an  accurate  mass 
measurement from an FT ICR mass spectrometer, Rule 2 from the Eurachem guide
56 is 
utilised. This is the rule for combining standard uncertainties from a product or quotient 
model.  The  defining  equation  (Equation  8)  for  calculating  the  mass  from  an  ion 
frequency measured in an FT ICR cell is the latter. The expression used to calculate the 
combined standard uncertainty for a determined mass ( 0 m ) is shown below in Equation 
13, with generic standard uncertainty components (r, s and t), where;  ( ) 0 m uc  is the 
combined standard uncertainty for the determined mass, r, s and t are measured values 
and ( ) r u ,  ( ) s u  and  ( ) t u  are their associated standard uncertainties. 
 
( ) ( ) ( )
........
) (
2 2 2
0
0 + 




 + 




 + 




 =
t
t u
s
s u
r
r u
m
m uc  
Equation 13 
 
The  measured  values  will  be  those  used  to  calculate  the  overall  uncertainty,  for 
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4.4.3  Expanded Uncertainty 
The  final  stage  of  estimating  uncertainty  is  to  multiply  the  combined  standard 
uncertainty  by  a  chosen  coverage  factor.  The  expanded  uncertainty  is  required  to 
provide an interval within which a large fraction of the distributed results are expected 
to  lie.  The  expanded  uncertainty  in  this  scenario  will  be  calculated  using  coverage 
factor, k=2, to give 95% coverage
56 using Equation 14. 
 
k
m
u
m
U ⋅  


 


=  


 


0 0
1 1
 
Equation 14 
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Chapter 5 – Experimental 
 
The experimental work outlined here is the generic method used for all experiments. 
Any other parameters used are clearly stated in the following chapters. 
 
5.1  Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
All experiments were undertaken using a Bruker Daltonics (Billerica, MA, USA) Apex 
III  FT ICR  MS  system  equipped  with  a  4.7  T  actively  shielding  superconducting 
magnet and an Infinity cylindrical analyser cell. The samples were introduced using an 
Apollo  electrospray  ionisation  source.  The capillary  voltage  was  set  to  4500  V.  A 
drying gas flow rate of 30 arbitrary units and nebulising gas pressure of 50 psi were 
applied to the nebuliser. Both the drying and nebulising gas were nitrogen. The positive 
ions were accumulated in the hexapole ion guide for 0.2s then transferred to the Infinity 
cell by electrostatic ion optics. Data acquisition was performed using Xmass (Version 
7.0.8) or Apex Control (Version 1.0, Build 54) and Xmass or Data Analysis (Version 
33)  to  process  the  data  (Bruker).  All  acquisitions  were  performed  using  512k  data 
points. Four scans were summed to produce the final positive ion ESI mass spectrum. 
The scan range for each acquisition was m/z 144  1000.  
 
5.2  Reagents, Standards, and Samples 
HPLC  grade  methanol  (Fluka,  Sigma Aldrich,  Gillingham,  UK)  was  used  as  the 
solvents for the samples and calibrants.  
 
The  samples  used  were  L tyrosine  methyl  ester  hydrochloride  and  thiabendazole 
(Sigma Aldrich). Their structures are shown in Figure 13. 
 
The  external  calibration  solution  (Soton  Mix)  was  prepared  from  diphenhydramine, 
oxybutynin, terfenadine, reserpine, and gramicidin S (Sigma Aldrich). Their structures 
are shown in Figure 14. 
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L tyrosine methyl ester HCl Thiabendazole
HCl
L tyrosine methyl ester HCl Thiabendazole
HCl
 
 
Figure 13 – Chemical structures of the two sample compounds 
 
 
Diphenhydramine Diphenhydramine
Oxybutynin Oxybutynin
Terfenadine Terfenadine Reserpine Reserpine
Gramicidin S Gramicidin S
 
Figure 14 – Chemical structures of the calibrant compounds 
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Stock solutions of samples and calibrants of 1 mg mL
 1 in methanol were prepared. The 
stock  solutions  were  then  diluted  to  give  0.1,  1,  and  10  g mL
 1  solutions  per 
component. The calibrant solution was prepared in the same manner. 
 
5.3  Calibration and Sample Analysis 
Calibration of the instrument was performed on a daily basis using the selected ions 
from  the  calibrants  listed  above  using  a  linear  calibration  protocol.  The  ions,  all 
[M + H]
+,  selected  for  use  in  the  linear  calibration  were;  m/z  167.0855  (protonated 
diphenhydramine  fragment),  256.1696  (protonated  diphenhydramine),  358.2377 
(protonated oxybutynin) and 472.3210 (protonated terfenadine).  
 
External  calibration  was  used  unless  otherwise  stated.  The  calibrant  and  sample 
solutions were infused using a syringe driver (Harvard Apparatus, Holliston, MA, USA) 
at  a  constant  flow  rate  of  3   L  min
 1  for  all  experiments.  All  experiments  were 
conducted using infusion as the method of sample introduction. Chapter 6 – Sample & Calibrant Ion Populations 
        38   
Chapter 6 – Sample & Calibrant Ion Populations 
 
6.1  Introduction 
There have been many discussions on the topic of ion population matching with ion trap 
instruments  in  order  to  achieve  minimum  mass  measurement  error.
18,  46,  48 
Fundamentally, the issues that affect mass accuracy arise from space charge effects; the 
concept  that  too  many  ions  in  the  cell  can  lead  to  ion ion  interactions  which  in 
consequence,  lead  to  poor  mass  measurement  accuracy.
41,  58  The  mass  accuracy 
deteriorates with increasing space charging as the ions experience a greater shift in the 
cyclotron frequency inside the ICR cell. This problem presents itself no matter how the 
calibration is obtained. The interesting point to note is that  when using an external 
calibration protocol, the ion populations of the sample and external calibrant need to be 
balanced in some way in order to gain the best mass accuracy. 
 
The Marshall FT ICR MS primer
46 claims that external calibration works best when the 
calibrant ions are excited to the same radius as the analyte ions and when the number of 
ions in the trap is the same for both experiments. In order to achieve minimum mass 
measurement  error  using  external  calibration  the  ion  populations  of  sample  and 
calibrant must be co ordinated. 
 
The experiments outlined herein will attempt to explain the interaction of sample ion 
population and calibrant ion population when using external calibration. Although it is 
widely  accepted  that  internal  calibration  will  give  a  smaller  MME  than  external 
calibration,
3, 23, 46 it is often harder to implement. This is because the calibrants need to 
be ‘hand picked’ for each analyte so that they do not interfere with the analyte peak and 
so the calibrants peaks lie either side of that the analyte peak; this has consequences for 
a high throughput environment as discussed earlier. Internal calibration generally gives 
a lower mass measurement error than external calibration, as the analyte and calibrants 
experience exactly the same conditions inside the analyser cell. External calibration is 
easier to employ as a separate solution of calibrants is analysed before an accurate mass 
measurement is taken. This means that external calibration may be the preferred choice Chapter 6 – Sample & Calibrant Ion Populations 
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for any accurate mass measurements taken using an ‘open access’ or high throughput 
system, where operator intervention is to be kept to a minimum. The results presented 
will aim to show what occurs to the mass measurement error (MME) when calibrant ion 
populations are altered with for an FT ICR MS instrument. 
  
This study was conducted with experiments performed on a series of consecutive days 
over a 4 week period. A representative selection of results is shown to highlight the 
changes in MME with altering sample and calibrant ion populations over time. There 
were  three  discrete  experimental  sets,  Exp.  1,  Exp.  2  and  Exp.  3,  organised  into 
subsequent repeats; a, b and c, i.e. Exp. 1a, Exp. 1b etc. The experimental sets denote 
the segments of time and the repeats were an experimental repeat on the same day. The 
aim was not only to track the MME changes with calibrant and sample ion population 
changes but also the instrument response over time to ensure that a set of experiments 
on one day were reproducible the next. If the results from the above experiments were 
not  reproducible,  then  being  able  to  predict  the  ideal  calibrant  and  sample  ion 
populations to achieve a minimum MME would be impossible.  
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6.2  Experimental 
These investigations involved the analysis of two compounds; L tyrosine methyl ester 
(nominal m/z 196, [M + H]
+) and thiabendazole (nominal m/z 202 [M + H]
+), at two 
different concentrations; 1 and 10  g mL
 1 in methanol. These four solutions were cross 
mixed in a 1:1 ratio to give four solutions of L tyrosine methyl ester HCl/thiabendazole; 
1/1, 1/10, 10/1, and 10/10  g mL
 1.  
 
The sample, at each concentration, was analysed ten times via infusion using the Bruker 
FT ICR MS system. The instrument was tuned using the parameters listed in Chapter 5 
and  was  calibrated  with  a  calibration  mixture  of  Soton  Mix  at  three  different 
concentrations; 1, 10 and 100  g mL
 1 per component. 
 
Accurate  mass  measurements  (AMM)  were  performed  on  the  samples  at  the  four 
different concentration mixes. Calibration files were created from the three different 
calibration concentrations.  
 
All sample spectra, 40 measurements, (four solutions x ten repetitions) were calibrated 
with the three calibration files in turn to give a total of 120 measurements. The total ion 
abundance  for  each  sample  and  calibration  spectra  were  calculated.  The  mass 
measurement error (MME) for four ions (two from each compound) were recorded. 
These ions were from L tyrosine methyl ester; nominal m/z 196 [M + H]
+ & 218 [M + 
Na]
+
, and  thiabendazole; nominal m/z 202 [M + H]
+
 & 224 [M + Na]
+
.  The relative ion 
abundance  ratio  for  each  calibrant  concentration  to  each  sample  concentration  was 
determined by dividing the TIA of the calibrant by the TIA of the sample. 
 
Further details of FT ICR MS conditions and sample preparations can be found in the 
experimental section in Chapter 5.  
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6.3  Results & Discussion 
The  overall  aim  of  this  section  of  work  is  to  attempt  to  define  and  quantify  any 
correlation  between  m/z,  MME,  sample concentration/ion abundance  and  calibration 
concentration/ion abundance. 
 
The ion abundance of each ion in every spectrum is recorded, both for the sample and 
the calibrant solutions. The TIA is recorded, a ratio of the TIA of calibrant:sample 
produced and the MME is calculated for each of the four ions of interest. The easiest 
way  to  present  the  large  collection  of  data  is  using  scatter  plots  linking  the  mass 
measured  with  the  TIA  of  calibrant  and  sample,  also  incorporating  the  calibrant 
concentration used. For clarity, although data were collected for all four ions; [M + H]
+ 
and  [M  +  Na]
+  from  thiabendazole  and  L tyrosine  methyl  ester,  the  data  presented 
herein is from thiabendazole [M + H]
+ nominal m/z 202 and is used as a representative 
example of the data collected. The [M + Na]
+ ion was observed for both of the sample 
ions. Experiments were conducted using acid in order to force the protonation event in 
favour  of  the  addition  of  a  proton.  However,  although  the  sodium  species  was 
eliminated, the ion abundances of the protonated species was greatly enhanced leading 
to overloading of ions in the cell, thus inducing space charging.  
 
Pie  charts  were  the  chosen  graphical  method  to  display  the  number  of  mass 
measurement  errors  achieved  as  a  percentage  of  the  whole  data  set.  Only  by  re 
evaluating the data is it possible to show the frequency at which the mass measurement 
errors occur over time. Another set of plots is used to show the mass measurement 
errors  recorded with  each calibrant with a direct link to  sample ion abundance and 
calibrant ion abundance. These scatter plots should highlight when a minimum mass 
measurement is recorded, corresponding to a specific concentration of calibrant and 
related sample and calibrant ion populations. This will help predict the optimum sample 
and calibrant ion populations needed to ensure the best MME. The scatter plots over 
time  should  demonstrate  that  predictions  can  be  made  relating  to  the  best 
calibrant:sample ion population ratio and that these will hold true for a longer time 
frame; ~ 1 month.  
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All  the  data  collected  were  analysed  with  the  MME  for  each  mass  measurement 
calibrated with each calibration file recorded. These data were represented graphically 
on  scatter  plots  of mass  measurement  against  the  total ion abundance  (TIA)  of  the 
calibrant as a ratio of the TIA of the sample. Each data point on the scatter plot is 
coloured  to  indicate  which  calibrant  concentration  was  used  in  its  calibration.  This 
allows quick interpretation of which calibration concentration was used and therefore if 
the  calibrant  ion  populations  have  any  bearing  on  the  accuracy  of  the  mass 
measurement. For example, in Figure 17, every mass measured is marked with a point; 
each  point  is  a  designated  colour  and  symbol  which  represents  the  calibration 
concentration. A blue triangle indicates that that m/z value recorded was calibrated with 
10  g mL
 1 of calibrant. The x axis shows at what calibrant:sample ratio the m/z value 
was recorded. 
 
The  mass  measurement  errors  for  each  ion  are  then  pooled  and  pie  charts  are 
constructed in order to track the proportion of MMEs. The MMEs are organised into 
bins of 0.5 ppm. The pie charts allow quick interpretation of the mass measurement 
errors and at what rate of occurrence they were recorded. 
 
As  all  the  results  presented  here  are  of  repeats  using  the  same  solutions,  the  same 
instrument conditions and same operator, therefore the graphs and pie charts should 
bear a close resemblance to each other if the experimental conditions are stable over 
time. 
 
Figure 15 and Figure 16 show representative mass spectra from data set Exp. 1a to 
illustrate the ion populations from each of the calibrant and sample ions.  Chapter 6 – Sample & Calibrant Ion Populations 
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Figure 15 – Mass spectra of Soton Mix calibrants; a) 1  g/mL b) 10  g/mL & c) 100  g/mL per 
component Chapter 6 – Sample & Calibrant Ion Populations 
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Figure  16     Mass  spectra  of  cross  mixed  sample  solutions  of  L tyrosine  methyl  ester  & 
thiabendazole in (a) 1/1, (b) 1/10, (c) 10/1 & (d) 10/10  g/mL 
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Figure  17  –  Mass  measured  against  TIA  calibrant:sample  for  ion  of  nominal  m/z  202  for 
experimental set 2a. Insert: % of MME in each 0.5 ppm bin 
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Figure  18  –  Mass  measured  against  TIA  calibrant:sample  for  ion  of  nominal  m/z  202  for 
experimental set 2b. Insert: % of MME in each 0.5 ppm bin 
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Figure  19  –  Mass  measured  against  TIA  calibrant:sample  for  ion  of  nominal  m/z  202  for 
experimental set 2c. Insert: % of MME in each 0.5 ppm bin 
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Figure  17,  Figure  18  and  Figure  19  shows  data  from  three  consecutive  repeat 
experiments.  These  scatter  plots  show  that  the  mass  measured  varies  with  TIA 
calibrant:sample  ratio.  These  graphs  show  when  the  optimum  mass measurement  is 
achieved and at what calibrant:sample ratio that occurs. The graphs are marked with 
ppm error lines to indicate where the exact mass lies in comparison with the measured 
mass. This means the MME can easily compared with the exact mass, demonstrating the 
distance from the 0 ppm line and therefore the accuracy of the measurement. The insert 
on these schemes shows the percentage of mass measurements errors organised into 0.5 
ppm bins.  
 
There  is  a  clear  downward  curve  across  the  scatter  plots  showing  that  the  mass 
measured decreases as calibrant:sample ratio increases. All results consistently have a 
calibrant:sample ratio less than 7. Using all three scatter plots, the greatest cluster of 
minimum mass measurement errors (those that approach the 0 ppm limit) is related to a 
calibrant:sample ratio of between 2 and 4. This suggests the optimum calibrant:sample 
ratio in order to achieve minimum MME is between 2 and 4. A calibrant:sample ratio of 
less than 1 will result in poor mass measurement error (see green squares on Figure 17, 
Figure 18 and Figure 19). A ratio of less than 1 indicates that the sample total ion 
abundance is larger than the total ion abundance of the calibrant. This trend is consistent 
for the three sets of data and associated repeat experiments. This could be due to the IIA 
of the calibrant and sample ions and the balance between these abundances is needed to 
achieve optimum MME.  
 
The  pie  charts,  shown  on  the  inserts,  show  the  mass  measurement  errors  over  the 
repeats, organised into 0.5 ppm bins. The percentage of the measurements assigned to 
each MME bin is stable across the repeats shown here and across subsequent repeats. 
This shows instrument variability is minimal when determining the process to achieve 
minimum mass measurement errors; this in turn allows the optimum sample:calibrant 
ratio to be predicted with confidence as the variability of the measurements over time is 
at a minimum. 
 Chapter 6 – Sample & Calibrant Ion Populations 
        49   
 
 
 
Figure 20 – TIA of sample & calibrants with their associated MME (nominal m/z 202) of cross 
mixed solutions of L tyrosine methyl ester & thiabendazole in (a) 1/1, (b) 1/10, (c) 10/1 & (d) 10/10 
 g/mL 
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Figure 20 shows the TIA for sample and calibrants with the MME recorded for nominal 
m/z  202  across  the  full  set  of  data  recorded.  These  data  show  the  trends  at  which 
minimum MME is achieved. The coloured lines indicate the mass measurement error 
attained with each of the three concentration calibrants; blue for 1  g mL
 1, red for 10 
 g mL
 1 and green for 100  g mL
 1. This concurs with findings in previous work
18, 46, 48 
that some sort of population balancing is needed when an external calibration protocol 
is  used.  This  population  matching  improves  the  MME  by  reducing  space  charging 
effects. This reduction in turn reduces frequency shifts, thus improving the accuracy of 
the  measurement.  Both  Marshall
46  and  Amster
18  allude  to  the  fact  that  for  external 
calibration to work best, the calibrant ions and the analyte ions should be of matched 
abundance in the trap; i.e. sample:calibrant ratio of 1:1. These findings show that the ion 
populations must be at least equal and suggest that calibrant ions must be in higher 
abundance than the analyte, in a ratio of 3:1, calibrant:sample, to achieve the optimal 
mass measurement errors.  
 
From Figure 20 (a) it is shown that when the calibrant and sample ion populations are 
roughly matched, (yellow bar vs blue bar) the mass measurement errors recorded (blue 
line) were inferior to those which were calibrated with a higher TIA of calibrant ions. 
This  is  equally  demonstrated  in  Figure  20  (b),  where  the  sample  and  10   g  mL
 1 
calibrant (yellow bar vs red bar) are approximately matched which results a poor MME. 
It  is  not  only  the  TIA that  needs  to  be  taken  into  account  when  balancing  the  ion 
populations to achieve optimum MME; the IIA is also important. In the data presented 
here, the calibrant has four major ions whereas the sample has two. The data suggests it 
is not only the TIA that must be matched but the IIA as well. This poor MME achieved 
with matched populations is contrary to what was reported by Marshall
46 and Amster
18. 
 
Figure 20 (a) highlights that if the calibrant is in too great an excess (green bar) equally 
poor mass measurement errors will result (green line). A large excess of calibrant (or 
sample) will lead to space charging effects due to the large numbers of ions inside the 
cell. Figure 21 demonstrates the peak shapes achieved when  space charging is at a 
minimum (a) and when space charging inside the cell is extreme (b). Space charging 
will not always manifest in a poor peak shape and all ions inside a cell of different or 
the same
59 m/z values, will suffer from some degree of space charge effects.   
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The lowest errors for Figure 20 (a) were recorded with 10  g mL
 1 calibrant (red line). 
The TIA calibrant:sample ratio for 10  g mL
 1 calibrant  is ~ 3:1. Furthermore, Figure 
20 (c) shows that minimum mass measurement errors are recorded with calibrant 100 
 g mL
 1 (yellow bar vs green bar), which is also a ~3:1 calibrant:sample ratio 
 
Figure 20 (b), (c) and (d) illustrate that a calibrant ion population which is less than the 
analyte ion population (yellow bar vs blue bar) will result in poor mass measurement 
errors  (blue  line).  From  these  experiments,  optimum  mass  measurement  errors  will 
never result when the sample ion population is higher than the calibrant ion population.  
 
The reason that a larger calibrant ion population with a lower sample ion population 
leads  to  good  mass  measurement  errors  and  why  the  converse  yields  poorer  mass 
measurement errors could lie in the individual ion populations and associated space 
charge effects. This study used four different calibrant ions that made up the TIA of the 
calibrant, while the sample had only two ions that made up the sample TIA. The relative 
abundance of the individual calibrant ions is less as there were four species. Having 
evenly matched ion populations for sample and calibrant would lead to poor MME as 
the  two  sample  species  have  a  higher  relative  ion  abundance  than  the  calibrant 
counterparts. The populations must be mismatched to achieve an optimum MME. This 
promotes  the  idea  of  space  charging  between  ions  of  the  same  m/z  value.
59    The 
balancing  of  the  overall  population  is  key  to  achiever  lower  MMEs,  as  cyclotron 
frequency of an ion decreases with increasing ion population,
58 but the individual ion 
abundances must also be balanced.  
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6.4  Conclusion 
This section of  the experimental  work  has shown  that  some type of  ion population 
balancing  is  required  to  achieve  minimum  mass  measurement  errors.  However,  the 
results reported here are contrary to the accepted belief that the sample and calibrant ion 
populations  must  be  equally  matched.  The  findings  presented  here  show  that  the 
calibrant:sample ratio of ~3:1 gives optimum results. It has also been shown that if the 
calibrant ion population is less than that of the sample, a low mass measurement error 
will  not  be  achieved.  The  Marshall
46  and  Amster
18  work  does  not  give  a  detailed 
explanation of which populations need to be matched to achieve the lowest MME.  
 
The optimum ratio will depend on the number of species present in the cell and their 
concentrations. This because the number of species in cell will affect local space charge 
issues and the concentrations of the species will affect the TIA and directly impact on 
global space charging events. The balance must be sought in order to return the lowest 
MME. As there is a complex relationship between TIA and IIA of both calibrant and 
sample ion populations, using a series of different concentration calibration solutions is 
the best approach to achieve lowest MME. 
 
These  findings  are  of  particular  relevance  to  an  ‘open  access’  or  high throughput 
environment where ion populations cannot be controlled with ease. Although AGC has 
made steps towards reducing space charging and therefore reduce MME, it still doesn’t 
eliminate  them.  The  suggestion  is  that  the  any  high throughput  accurate  mass 
measurement protocol should always start with the acquisition of several concentrations 
of  the  desired  calibrant  before  acquiring  sample  data.  Then  the  sample  can  be 
subsequently calibrated with all of the calibrants with the outcome that one of those 
calibrants  offers  a  3:1  ratio  of  calibrant:sample.  It  may  be  that  advances  in  data 
interrogation  software  will  afford  an  intelligent  system  that  will  decide  on  the 
appropriate calibration file for a given sample set from a decision process based on TIA 
and IIA. Chapter 7   Dual Sprayer 
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Chapter 7    Dual Sprayer 
 
7.1  Introduction 
The key aim of this study is to work towards a protocol which can be implemented, with 
relative  ease,  to  improve  the  accuracy  and  precision  of  routine  accurate  mass 
measurements. As stated previously, external calibration is the favoured choice for an 
‘open access’ system as it has the advantage over internal calibration in being is easier 
to implement, as a separate solution of calibrants is analysed before an accurate mass 
measurement  is  taken  (see  3.4).  Using  simple  external  calibration  protocols,  mass 
accuracy of 1 ppm can be routinely achieved.
60 It has been shown in Chapter 6 that 
controlling ion populations inside the ICR cell is very important as this reduces the 
space charge effects and therefore increases the mass accuracy. In order to achieve mass 
measurement errors with external calibration that are comparable with those achieved 
with internal calibration, population balancing must be employed. As shown in Chapter 
6, this ion population balancing can be complex to implement in solution, whereby 
different concentrations of calibrants are created before an accurate mass measurement 
is acquired. The alternative being when the sample is acquired first, the ion population 
of the sample calculated and a calibrant solution concentration is made accordingly. The 
drawback of external calibration is that the mass accuracy is not as good as with internal 
calibration.  This  is  because  the  analyte  and  calibrants  experience  exactly  the  same 
conditions inside the analyser cell using internal calibration. External calibration can 
give results that are comparable with those achieved using internal calibration but only 
when very strict protocols are applied, which, in a high throughput environment, may 
not be possible.  
 
The mass measurement drift in external calibration can be caused by shifts in the ion 
cyclotron frequency, often due to too many ions in the ICR cell. Methods have been 
employed to reduce the impact of these space charge issues. Population matching is one 
way of easily controlling the populations and therefore mass accuracy (see Chapter 6). 
Population matching is the process whereby the TIA of calibrant and TIA of sample are 
balanced to give optimum mass measurement errors. Chapter 7   Dual Sprayer 
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Other  methods  have  been  developed  to  overcome  the  issue  of  mass  accuracy 
deterioration. Muddiman and Oberg statistically evaluated two common and three new 
calibration laws to improve MMA using FT ICR MS.
61 The new calibration law based 
on multiple linear regression improved the MMA of an internal calibration two fold and 
external calibration MMA by 10 fold.  
 
O’Connor and Costello developed a technique, InCAS (internal calibration on adjacent 
samples), that uses the holding potential of the ICR cell to trap analyte ions from one 
MALDI plate and use another plate to introduce a calibrant.
62 This avoids any unwanted 
matrix effects but also acts as internal calibration thus avoiding any shifts in cyclotron 
frequency.  
 
Wong and Amster developed a method using a step wise external calibration for FT 
ICR MS of high mass peptide mixtures.
63 The masses of the analyte ions are accurately 
measured  at  a  low  trapping  potential  (0.63V)  using  external  calibration.  Then  the 
accurately determined analyte peaks are used as internal calibrant points for a second 
mass spectrum, which is acquired at a higher trapping potential (1.0V). Amster’s group 
have also studied the effects of changing the excitation waveform to improve MMA.
64  
 
Southam et al. employed a spectral stitching method to reduce the decline in MMA for 
complex metabolite mixtures.
65 They recognised that a high dynamic range across a 
wide mass range is achieved at the expense of MMA, due to the large numbers of ions 
entering the cell. To increase the MMA across a high dynamic range, a collection of 
select ion monitoring (SIM) windows are stitched together using novel algorithms. They 
managed to reduce the mass error from 1.0 to 0.1 ppm at m/z 500. 
 
All  these  methods  offer  an  improvement  in  mass  accuracy;  however,  they  can  be 
difficult  to  implement  on  a  user  level  and  are  often  application specific.  High 
throughput  environments  do  not  have  the  scope  to  utilise  methods  which  require 
constant monitoring of or changing detailed experimental parameters. 
 
An alternative approach is presented which offers better mass accuracy than external 
calibration, without the complexity of other methods. The dual sprayer approach has Chapter 7   Dual Sprayer 
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been  used  on  FT ICR  MS instruments
23,  66,  67  as  well  as  other  instruments  such  as 
ToFs
68, 69 and most recently, the OrbiTrap.
70 
 
The essence of a dual sprayer is that two electrospray inlets are coupled to create a dual 
spray ionisation source, with one sprayer dedicated to the calibration solution hence 
providing independent internal calibration reference ions. 
 
These  investigations  presented  here  aim  to  compare  the  mass  measurement  errors 
recorded from external calibration, internal calibration and dual sprayer calibration.  
 
The  dual  sprayer  has  the  added  benefit  that  ion  populations  from  the  sample  and 
calibrant can be easily controlled by altering the simple external parameter of flow rate. 
Some  in depth  investigations  were  undertaken  to  show  how  accurately  controlling 
populations, can improve the MMA 40 fold. By balancing the sample and calibrant ion 
populations, it has been show that MME can be reduced from 5.6 ppm to 0.14 ppm. 
 
The dual sprayer investigative work has also highlighted the impact of ion suppression 
issues.
71 Ion suppression, where the signal generated from an ion is reduced, or ion 
enhancement, where the signal generated from an ion is increased, can be a problematic 
occurrence  in  mass  spectrometry.  Ion  suppression  and  ion  enhancement  are  related 
occurrences and for ease will be referred herein as ion suppression. Ion suppression can 
be most challenging in a quantitative environment where a calibration standard may 
behave differently from a real sample. Ion suppression has been reported to occur in 
both ESI and APCI (atmospheric pressure chemical ionisation) sources.
72 Often samples 
most affected by ion suppression are of biological origin, due to the large number of 
components in the sample. One component may cause the signal intensity of another 
component to be suppressed. This has serious implications when trying to quantitate a 
multi component samples. Within a biological environment, ion suppression is often 
referred to as ‘matrix effects’. This implies that the matrix, often blood, has components 
which interfere with the component of interest. These matrix effects can be reduced 
with sample clean up
73 75 e.g. solid phase extraction or utilising longer chromatography 
acquisitions prior to using MS.  However, ion suppression effects cannot be reduced 
completely unless a single component sample is analysed. Mechanistic approaches have Chapter 7   Dual Sprayer 
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been undertaken to discover the underlying reasons behind ion suppression in ESI, with 
contributing factors being discussed.
71  
 
Ion suppression investigations performed specifically on FT ICR mass spectrometers, 
found that larger molecules suppress the signal of smaller molecules and that space 
charge limitations on the trapping of ions in the cell can contribute to the suppression 
effect.
76  This  study  was  undertaken  using  higher  molecular  weight  peptides, insulin 
(average mass 5734 m/z units) and cytochrome c (average mass 512384 m/z units). It 
was found when a smaller peptide, angiotensin II (average mass 1046.2 m/z units), was 
added, regardless of the concentration it had no effect on the intensities of the larger 
peptides. 
 
The following section considers the investigation of the ion suppression effects on two 
molecules, both of low mass. 
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7.2  Experimental 
7.2.1  Dual Source Configuration 
The dual source utilises the original Apollo ESI source nebuliser, which is standard with 
the Bruker Apex III instrument. A second nebuliser is fixed in a second off axis port, at 
right angles to the original nebuliser. The original nebuliser uses the in system drying 
gas at a flow rate of 30 arbitrary units and nebulising gas pressure of 50 psi pressure, 
and the gas flow rate for the second nebuliser, from a cylinder head pressure of 1 bar, 
was balanced to give optimum simultaneous spray conditions. These conditions were 
tested using a sample (thiabendazole) through one of the sprayers and methanol through 
the other. Sample ion abundances were recorded and compared and the gas flow rate 
and sample infusion rate adjusted accordingly to create similar abundance spectra.  Two 
syringe drivers (Harvard Apparatus) were utilised for the sample introduction. 
 
A photograph if the dual sprayer is shown in Figure 22 with Sprayer 1 (S1) in the 
vertical position and Sprayer 2 in the horizontal position. S1 was the original sprayer. 
 
Sprayer 1 (S1)
Sprayer 2 (S2)
 
Figure 22 – Dual Sprayer configuration (Courtesy of G. J. Langley) Chapter 7   Dual Sprayer 
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7.2.2  Controlling Ion Populations 
Thiabendazole was diluted from a stock solution (see Chapter 5) to give methanolic 
solutions of concentrations of 0.25, 0.5, 1, 2, 5 and 10  g mL
 1. Soton Mix, diluted from 
a stock solution to 1  g mL
 1, was used as the calibrant. The calibrant was infused 
constantly through Sprayer 2 during the entire experiment. The sample, thiabendazole, 
was infused through Sprayer 1 and three acquisitions were taken at the six different 
concentrations. Internal mass calibration was performed on each of the acquisitions. The 
TIA of calibrant and sample was calculated similarly, the mass measurement errors for 
ion at nominal m/z 202, i.e. protonated thiabendazole. 
 
7.2.3  Ion Suppression 
The  experiment  was  designed  to  compare  ion  abundances  in  two  compounds, 
thiabendazole and L tyrosine methyl ester. Diluted solutions, from stock solutions of 
thiabendazole and L tyrosine methyl ester, were prepared. These diluted solutions had 
concentrations of 1  g mL
 1 for thiabendazole and 10  g mL
 1 for L tyrosine methyl 
ester. These concentrations were chosen to ensure that the ion abundances of the two 
compounds were equal in the mass spectrum when the two samples were crossed mixed 
in a 1:1 ratio. 
 
Three  experiments  were  performed.  First,  single  solutions  of  each  compound  were 
infused via Sprayer 1, whilst pure MeOH was infused through Sprayer 2. Secondly, 
individual solutions of thiabendazole and L tyrosine methyl ester were infused through 
Sprayer 1 and Sprayer 2, respectively. Finally, the cross mixed 1:1 solution was infused 
through Sprayer 1 and pure MeOH was infused through Sprayer 2.  
 
The purpose of infusing MeOH through the second sprayer when it was not used for 
sample was to ensure consistent spray conditions throughout the experiments. 
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7.2.4  Internal vs. External vs Dual Sprayer Calibration 
Thiabendazole was chosen as the sample and Soton Mix was used as calibrant. Soton 
Mix was prepared from stock and diluted to 1  g mL
 1.
  
 
For the external calibration experiments, two solutions of sample were prepared, 0.5 and 
1  g mL
 1. The calibrant spectrum was acquired via Sprayer 1 three times. Then the 
sample spectrum was acquired three times at two concentrations via Sprayer 1. 
 
For the internal calibration experiments, two mixtures were prepared from the calibrant 
and sample. The first was a 1:1 mix of calibrant (1  g mL
 1) to sample (1  g mL
 1). The 
second was a 3:1 mix of calibrant to sample. These mixtures were acquired three times 
using Sprayer 1. 
 
For the dual sprayer experiments, 1  g mL
 1 of sample was infused via Sprayer 1 and 
1  g mL
 1  of  calibrant  was  infused  via  Sprayer  2.  Spectra  for  these  mixtures  were 
acquired three times. 
 
The  TIAs  of  calibrant  and  sample  were  recorded  and  mass  measurement  errors 
calculated for each of the three methods.  
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7.3  Results & Discussion 
7.3.1  Controlling Ion Populations 
It has been shown from previous work that controlling ion populations is very important 
for mass measurement error when using external calibration, as the populations of the 
calibrants  and  the  sample  can  profoundly  affect  the  MME  (see  Chapter  6).  It  is 
relatively difficult to quickly study the impact of changing ion populations on MME 
using a conventional one sprayer approach. This is because the one sprayer approach 
means the calibrant has to be acquired first, and then the source has to be washed with 
MeOH to ensure there is no carry over of calibrant which may increase the sample 
population. The sample data can then be acquired. This has to be repeated with the 
various concentrations of sample and calibrant. Using the dual sprayer, a calibrant of set 
concentration can be constantly infused and the sample population altered by adjusting 
the  simple  parameter  of  the  flow  rate.  This  approach  means  the  impact  of  ion 
populations  can  be  quickly  monitored  to  find  the  calibrant:sample  ratio  to  achieve 
optimum mass measurement errors. 
 
The graph in Figure 23 shows the data recorded with the dual sprayer when a constant 
calibrant concentration (1  g mL
 1) was infused via S2, while the sample concentration 
was altered and infused via S1. Internal calibration was applied as the calibrants and 
sample  were  infused  simultaneously.  The  sample  and  calibrant  TIA  are  plotted 
alongside the MMEs recorded for the sample (nominal m/z 202). 
 
Figure  23  shows  that  with  increasing  sample  population  relative  to  the  calibrant 
population, the MME increases exponentially. The first set of bars again confirm that a 
ratio of 3:1 calibrant:sample produces the optimum mass measurement errors. As the 
sample  increases, so too does the MME. When 10  g mL
 1  of sample is  internally 
calibrated with 1  g mL
 1 of calibrant, the MME are ~ 5.6 ppm. By choosing the correct 
calibrant:sample ratio, ~3:1, the MME can be decreased 40 fold, from 5.6 ppm to 0.14 
ppm.  
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Figure 23 – Total ion abundance (TIA) of sample & calibrant and MME for nominal m/z 202 
 
 
Using the dual sprayer approach, the populations can be altered easily to demonstrate 
the optimum ratio calibrant:sample to achieve minimum MME. This quick and simple  
approach offers comparable results with internal calibration with the flexibility of two 
separate solutions used in the external calibration protocol. 
 
7.3.2  Ion Suppression  
Another use of the dual sprayer is to be able to investigate any ion suppression issues 
that  may  be  masked  when  using  a  single  sprayer.  The  experiment  was  designed  to 
investigate the ion suppression effects of a single sprayer versus a mixed solution of two 
compounds versus a dual sprayer approach. 
 
First, L tyrosine methyl ester was infused though a single sprayer (S1) while methanol 
was infused through S2. Then thiabendazole was substituted in S1 while methanol was 
infused via S2. The two compounds were then put through a sprayer concurrently, L 
tyrosine methyl ester through S1 and thiabendazole through S2. The ion populations 
were compared with that of a single mixed solution containing both compounds in a 1:1 
ratio, which was infused through S1. The results are presented in Figure 24. 
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Figure  24  –  Total  ion  abundance  (TIA)  of  L tyrosine  methyl  ester  (nominal  m/z  196)  & 
thiabendazole (nominal m/z 202) 
 
 
The differences in ion abundances across the different conditions can be clearly seen. 
The first set of bars is the single sprayer data when the compound was infused through 
S1  while  methanol  was  infused  through  S2.  Even  though  L tyrosine  methyl  ester 
(nominal m/z 196, mauve bar) was in the greater concentration (10  g mL
 1), its ion 
abundance is lower than that of thiabendazole. It is possible to see that thiabendazole 
has a greater ionisation efficiency than L tyrosine methyl ester.  The mass spectra are 
shown  in  Figure  25  to  demonstrate  the  intensity  of  the  [M  +  H]
+  ions  for  both 
compounds when sprayed individually.  
 Chapter 7   Dual Sprayer 
        64   
196.1
197.1
190 192 194 196 198 200 202 204 206 208 m/z
0
2
4
6
8
7 x10
Intens.
a)
b)
196
197
202
203
204
Processed\16: +MS
0
2
4
6
8
7 x10
Intens.
190 192 194 196 198 200 202 204 206 208 m/z
b)
202
203 204
 
 
196
197
202
203
204
Processed\12: +MS
0
1
2
3
4
7 x10
Intens.
190 192 194 196 198 200 202 204 206 208 m/z
c)
196
197
202
203
Processed\11: +MS
0
1
2
3
4
7 x10
Intens.
190 192 194 196 198 200 202 204 206 208 m/z
d)
196
197
202
203 204
196
197
202
203 204
 
 
Figure 25 – Mass spectra of [M + H]
+ for a) L tyrosine methyl ester, 10  g/mL & b) thiabendazole, 
1  g/mL, when individually sprayed, L tyrosine methyl ester, 10  g/mL & thiabendazole, 1  g/mL 
in a 1:1 ratio c) single species introduced via each sprayer in the dual sprayer & d) cross mixed 
solution introduced via one sprayer 
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When the dual sprayer method is employed, the ion populations for both compounds are 
approximately equal (see Figure 25c). Although both ion abundances have been reduced 
compared with when the compounds are individually sprayed, the thiabendazole ion 
population was significantly reduced. The 1:1 mixture data (third set of bars in Figure 
24) shows that if the compounds are mixed together and then ionised together, the L 
tyrosine methyl ester ionisation efficiency is reduced further. This is shown using the 
mass spectral data in Figure 25d. 
 
These  results  have  implications  for  quantitative  work,  when  the  presence  of  one 
compound  can  suppress  the  ionisation  of  the  other,  masking  the  true  quantitative 
response. The dual sprayer work does not eliminate all ion suppression effects but does 
work towards reducing them. Using the single sprayer approach with a mixed solution 
of two compounds, both compounds can be contained in a single droplet, and when 
passed  through  the  electrospray  process  one  compound  may  acquire  the  charge  in 
preference to the other. When the dual sprayer technique is employed, each solution 
uses a separate electrospray and the compounds are not competing against each other 
for  the  charge  created  by  the  electrospray.  The  dual  sprayer  is  fairer  in  terms  of 
ionisation efficiency and the separate compounds do not have to vie for charge. This 
gives a truer picture of the quantitative response. 
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7.3.3  Internal vs External vs Dual Sprayer Calibration 
The  dual  sprayer  configuration  is  offered  as  an  alternative  to  other  more  complex 
methods that can be employed to reduce MME and therefore increase MMA.
23, 67 The 
work conducted here aims to show a comparison of MME of thiabendazole nominal m/z 
202 using external calibration, internal calibration and dual sprayer internal calibration. 
The dual sprayer has the added benefit of the reduction of ion suppression. 
 
Figure 26 shows the TIA of sample (yellow bar) and calibrant (blue bar) along with the 
associated absolute MME for nominal m/z 202 (blue triangle).  
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Figure 26 – TIA for calibrant & sample with MME for nominal m/z 202 
 
 
The external calibration was performed on two different concentrations of thiabendazole 
as  it  has  been  shown  that  population  matching  is  important  in  achieving  improved 
MMA (discussed in detail in Chapter 6). The first set of bars shows that the MME is 
much lower (~1.5 ppm) when excess calibrant is used in a 3:1 ratio of calibrant:sample 
ion abundance. This is in comparison with the second set of bars which shows the Chapter 7   Dual Sprayer 
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results obtained when thiabendazole is used in 1  g mL
 1 concentration. Here, the MME 
is much higher at ~4.5 ppm as in this case the sample ion abundance is in excess of the 
calibrant ion abundance (5:6 ratio calibrant:sample ion abundance). This is due to the 
higher individual ion abundance of the sample ion than of the calibrant ions.  
 
The internal calibration was also performed with two different concentration mixes (1:1 
and 3:1) of sample (1  g mL
 1) and calibrant (1  g mL
 1). This was to observe if similar 
calibrant:sample ion abundance ratios have as great a bearing on the MME when using 
internal calibration as they do using external calibration. It is possible to see from the 
third and fourth set of yellow and blue bars that the calibrant:sample ratios do not have 
as  large  influence  on  the  MME  for  internal  calibration  as  the  equivalent  external 
calibration data. The spread of mass measurement errors is less when the calibrant is in 
excess  of  the  sample  but  the  average  MME  is  the  same  regardless  of  the 
calibrant:sample ion abundance ratio. 
 
A traditional one sprayer experiment was also performed using a cross mixed solution 
(1:1)  of  1  g mL
 1  of  calibrant  and  1  g  mL
 1  of  sample  as  a  comparison.  The  ion 
abundance of calibrant was in excess of the sample in a 3:1 ratio. The MME of the 
cross mixed solution was ~0.5 ppm using the single sprayer and internal calibration.  
 
MMEs achieved using the dual sprayer method are the lowest from the three methods 
compared. This is because the calibrant and sample ions experience the same conditions 
inside the cell, as with internal calibration, but with the added benefit that the number 
ions can be adjusted by changing the external parameter of flow rate without changing 
any parameters within the software. By altering the simply parameter of flow rate, the 
ion  abundances  can  be  easily  controlled.  Once  the  dual  sprayer  is  setup,  it  can  be 
interfaced with HPLC with ease. One sprayer can be dedicated for the use of calibrant, 
while the other can be used for the sample.  
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7.4  Conclusion 
The dual sprayer calibration gives the lowest mass measurement errors of the three 
experiments. It has the benefit that the sample ions experience the same conditions as 
the calibrant ions inside the cell. Unlike the traditional one sprayer internal calibration, 
the dual sprayer calibration does not involve the laborious task of creating a mixed 
solution of sample and calibrants. Creating a mixed solution of sample and calibrants 
can lead to ion suppression issues and the optimum MME only be achieved by matching 
populations through varying the concentration of the original solutions, which can be a 
time consuming process. This also means any ion suppression conflicts between sample 
and calibrant that occur in a mixed solution may not occur in the dual sprayer approach 
as the sample and calibrant are introduced through two different sprayers. 
 
The author would recommend a protocol such that the sample is infused at a constant 
rate with the calibrant infused in the other sprayer at a fixed flow rate to begin with. An 
acquisition  would  take  place  using  the  standard  operating  parameters.  Once  an 
acquisition has taken place at a fixed calibrant flow rate, the flow rate of the calibrant 
could then be adjusted across the experiment thus altering the ion abundance of the 
calibrant  to  suit  the  sample.  This  will  allow  a  series  of  acquisitions  with  differing 
calibrant populations to be taken in a short space of time. The results can be interrogated 
post experiment and the optimum sample:calibrant ratio chosen for those conditions.  
 
The dual sprayer approach is a simple, effectively way to controlled ion populations and 
therefore  the  amount  of  space  charging  with  the  added  benefit  of  MMEs  usually 
achieved with internal calibration.  
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Chapter 8 – Uncertainty 
 
8.1  Introduction 
Any analytical measurement has an uncertainty associated with it. Important decisions 
are made on the basis of quantitative chemical analysis and it is imperative to know the 
quality of the results. The need for method validation has increased with legalisation, 
safety and quality control procedures in recent times.
56 
 
Accurate  mass  measurements  and  uncertainty  have  been  discussed  previously
60  but 
there are few sources discussing the need for uncertainty to be quoted when citing an 
accurate  mass  measurement.
52  The  aim  of  this  section  of  work  is  to  introduce  an 
uncertainty component to the reporting of routine accurate mass measurements; without 
which a mass measurement result would not be valid. It is the hope that without this 
uncertainty component, journals should not accept the accurate mass measurement. 
 
Many  components  feed  into  the  overall  uncertainty  of  a  measurement.  Using  the 
discussion in Chapter 4 and the key diagrams (Figure 11 and Figure 12), the uncertainty 
can be estimated for the measurand (cyclotron frequency) and therefore an accurate 
mass measurement acquired using an FT ICR mass spectrometer.  
 
Some of the components, such as magnet field strength, will be taken into account by 
the  measurement  itself  and  do  not  require  estimating  individually.  Due  to  the  total 
number  of  factors  that  contribute  to  the  overall  uncertainty  of  an  accurate  mass 
measurement, the subject is broken down into specific areas. Some of the uncertainty 
components contribute very minor amounts to the overall uncertainty, e.g. uncertainty 
in the mass of the individual atoms. One important uncertainty component that can be 
determined is the uncertainty related to the calibration process and this will be discussed 
below. 
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8.2  Experimental 
8.2.1  Uncertainty from Calibration 
8.2.1.1  External Calibration 
A  1   g  mL
 1  Soton  Mix  calibrant  solution  and  a  thiabendazole  1   g  mL
 1  sample 
solution were prepared in the manner described in section 5.2. The calibrant was infused 
and an acquisition was carried out using parameters outlined in Chapter 5, using Xmass. 
The ESI interface was washed with MeOH until all traces of calibrant were removed 
and the sample data set acquired. This was repeated a further four times. The relevant 
cyclotron frequencies for the calibrant and sample ions were reported using the xmac 
macro in Xmass with the freqreport command; which lists the m/z value, the frequency 
(Hz) and the ion intensity. 
 
Each  sample  acquisition  was  calibrated  with  the  calibration  file  produced  from  the 
preceding  calibration  solution.  From  the  reported  cyclotron  frequencies,  the  mass 
measurement errors and uncertainties were calculated. 
 
8.2.1.2  Internal Calibration 
Soton Mix 1  g mL
 1 was used as the calibrant and the sample. Five acquisitions were 
carried out using the parameters outlined in Chapter 5, using Xmass. Three ions from 
the calibrant mixture were used a reference ions, while the fourth was taken as the 
sample ion. This was repeated twice, first as nominal m/z 256 as the sample and m/z 
167.0855, 358.2377 and 472.3210 as the calibrants and secondly with nominal m/z 358 
as the sample with m/z 167.0855, 256.1696 and 472.3210 as the calibrants.  
 
As  before,  the  reported  cyclotron  frequencies  were  used  to  calculate  the  mass 
measurement errors and estimate the uncertainty. 
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8.2.1.3  Dual Sprayer 
Data from an earlier experiment was used to assess the uncertainty from the internal 
calibration using the dual sprayer instrumentation. The full experimental details can be 
found  in  sections  7.2.1  and  7.2.2.  Briefly,  thiabendazole  was  diluted  from  a  stock 
solution to give methanolic solutions of concentrations of 0.25, 0.5, 1, 2, 5 and 10 
 g mL
 1. The calibrant (Soton Mix, 1  g mL
 1) was infused constantly through Sprayer 
2 during the entire experiment. The sample, thiabendazole, was infused through Sprayer 
1 and three acquisitions were taken at the six different concentrations. Internal mass 
calibration was performed on each of the acquisitions. 
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8.3  Results & Discussion 
8.3.1  Uncertainty from Calibration 
8.3.1.1  External Calibration 
As this work is investigating factors which affect an accurate mass measurement in a 
high throughput environment, the role of external calibration was investigated first.  
 
Calibration is a procedure that will be incorporated into an accurate mass measurement 
regardless of the instrument used in the measurement. The uncertainty related to the 
calibration was calculated using Equation 10, Equation 11 and Equation 12, which are 
shown in Section 4.4.1. Appendix A shows an example of how to lay out the data in a 
spreadsheet in order to estimate the uncertainty contribution from the calibration using 
the above equations. 
 
Using the frequencies measured from the calibrants and samples during the experiment, 
the uncertainty can be estimated, along with the expanded uncertainty.  
 
Figure 27 shows the uncertainty as a solid black line and the expanded uncertainty as a 
dashed black line. The TIAs of the sample (yellow bar) and calibrant (blue bar) are also 
shown along with the MME for nominal m/z 202 (red line). 
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Figure 27 – MME for nominal m/z 202 with TIA of sample & calibrant & uncertainty & expanded 
uncertainty for external calibration 
 
 
Using Figure 27, the uncertainty for external calibration is ~0.14 ppm and the expanded 
uncertainty, using k=2, is 0.28 ppm. The mass measurement errors for thiabendazole 
[M + H]
+ were between 1.24 and 1.50 ppm. This means the mass measurement has an 
inherent expanded uncertainty of 0.28 ppm which is additional to the measurement. But 
having the uncertainty of the calibration lower than the measurement error itself is an 
important finding. The fundamental rule of uncertainty is that the uncertainty should 
encompass reasonable values which can be attributed to the measurand, and therefore 
cannot be lower than the measurement itself. This means other factors are contributing 
to the uncertainty in a greater proportion than the calibration and the combined standard 
uncertainty cannot be quoted until the other contributory uncertainty components are 
accounted for.  
 
Whilst the other factors need to be investigated, the underlying fact is that uncertainty of 
calibration can contribute ~0.30 ppm to the mass measurement, in the example above, 
and as such it must be considered and used when defining a tolerance for elemental 
formula lists. The uncertainty from the calibration will be applicable to all accurate 
mass measurements, as all accurate mass measurements require a calibration step. Chapter 8 – Uncertainty 
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Even though the other components of uncertainty are contributing, using the uncertainty 
of calibration alone, it is possible to state, for these set of measurements, that no matter 
how  small  the  mass  measurement  error,  the  measurement  uncertainty  cannot 
realistically be less than 0.3 ppm, as that is the contribution to the uncertainty from the 
calibration. This may have implications for internally calibrated measurements where 
the MMEs have been reported to be sub ppm.
44 Routine accurate mass measurements 
using  external  calibration  have  been  reported  with  a  MME  of  between  200  and 
300 ppb.
77 This measurement will have an inherent uncertainty and, based on the results 
from the uncertainty of calibration alone, this contribution can be up to 0.30 ppm. So 
even if the repeat measurements gave agreement of 200 ppb, the contribution of the 
uncertainty of calibration contributes means that no elemental compositions less than 
0.30 ppm can be discounted. 
 
An example is used below to demonstrate the uncertainty contribution of calibration of 
a real sample and how it affects the elemental composition list. 
 
The sample (4235 94 4) was provided by Professor Tony Postle’s Group in the School 
of  Medicine  at  Southampton  for  accurate  mass  measurements.  The  sample  was  a 
phospholipid, which is an essential component of cellular membranes
78 and contributes 
a central role in the biochemistry of all living cells.
79 The mass spectrum is shown 
below. 
 
786.5999
808.5980
906.6008
27Apr001\3: +MS
0.00
0.25
0.50
0.75
1.00
1.25
1.50
7 x10
Intens.
750 775 800 825 850 875 900 925 m/z  
Figure 28 – Mass spectrum of sample 4238 95 4 
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The ion of interest was of nominal m/z 786. The sample was acquired using parameters 
detailed in Chapter 5. The sample was externally calibrated.  
 
The uncertainty component from the calibration (U(cali)) was calculated to be 2.50 ppm. 
A list of possible elemental compositions was generated using the common elements 
plus phosphorous with a limit of zero to ten, and 2.50 ppm set as the tolerance. This 
produced a list of 58 possible elemental formulae. This was reduced to 26 by applying 
the nitrogen and rings plus double bond rules (see section 3.2).  
 
This ion from this sample was known to have an exact mass of m/z 786.60073. The 
MME  was  1.05 ppm,  which  appears  at  number  12  in  the  list.  However,  if  the 
experiment was repeated and a similar MME was obtained, this would not alter the fact 
that there was an uncertainty component due to the calibration. 
 
This example demonstrates the importance of uncertainty when defining the ‘cut off’ or 
tolerance limits of possible elemental compositions. 
 
8.3.1.2  Internal Calibration 
As  a  comparison,  the  uncertainty  of  calibration  was  also  calculated  for  an  internal 
calibration scenario. Here, the general calibrant mixture, Soton Mix, was used as the 
calibrant and one of the components was removed from Soton Mix and used as the 
sample. The experiment was repeated twice, first using nominal m/z 256 as the sample 
with the remaining components; m/z 167.0855, 358.2377 and 472.3210, acting as the 
calibrants (Figure 29). In the second experiment, nominal m/z 358 was treated as the 
sample, while the remaining components; m/z 167.0855, 256.1696 and 472.3210, were 
used as the calibrants (Figure 30).  
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Figure 29   MME for nominal m/z 256 with TIA of sample & calibrant & uncertainty & expanded 
uncertainty for internal calibration 
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Figure 30   MME for nominal m/z 358 with TIA of sample & calibrant & uncertainty & expanded 
uncertainty for internal calibration 
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The uncertainty from calibration for internal calibration for the two ions analysed was 
very similar. The uncertainty from calibration for nominal m/z 256 was 0.24 ppm and 
the uncertainty  from calibration  for nominal  m/z  358 was 0.35  ppm.  The  expanded 
uncertainty, using k=2, for these two ions would be 0.48 and 0.70 ppm, respectively. 
Based only on the uncertainty from internal calibration, these values would be used to 
set the tolerance limit for possible elemental compositions.  
 
The  main  differences  between  the  externally  calibrated  results  and  the  internally 
calibrated results are that, although the uncertainty on the calibration is approximately 
the same, the mass measurement errors are lower in the case of internal calibration. This 
is expected as internal calibration achieves lower mass measurement errors,
3, 23, 46 due to 
the ions of calibrant and sample experiencing exactly the same conditions inside the 
ICR  cell  when  they  are  analysed.  The  fact  that  the  estimate  of  uncertainty  on  the 
calibration is similar for both external and internal calibration demonstrates that the 
larger mass measurement errors for external calibration are not accounted for in the 
uncertainty of the calibration. 
 
The uncertainty estimate for internal calibration is slightly higher than that for external 
calibration. This could be due, in this instance, to having the sample and calibrant in the 
cell together causing space charge issues and the fact that the populations cannot be as 
easily controlled. Space charge issues can arise from not only ion ion interactions but 
also the total number of ions in the cell. Due to the larger uncertainty of calibration for 
internal  calibration  than  external  calibration,  the  total  number  of ions  in  the cell  is 
increased for internal calibration as the sample and calibrant ions are inside the cell 
together. This could in turn lead to larger calibration residuals, which would increase 
the uncertainty of calibration.  
 
The  mass  measurement  errors  for  internal  calibration  are  encompassed  by  the 
uncertainty estimation for calibration. This means that most of the uncertainty on an 
internally  calibrated  accurate  mass  measurement  is  taken  into  account  using  the 
uncertainty  from  the  calibration.  This  fits  with  the  fundamental  rule  of  uncertainty 
which  is  that  the  uncertainty  should  encompass  reasonable  values  which  can  be 
attributed to the measurand, and therefore cannot be lower than the measurement itself. 
The above statement does not apply to external calibration, where the uncertainty of Chapter 8 – Uncertainty 
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calibration is smaller than the MME. This means other components are contributing to 
the uncertainty and not just the uncertainty of calibration. 
 
8.3.2  Overall Uncertainty 
Using  data  from  a  previous  experiment  (Section  7.2.2  and  Figure  23)  the  overall 
uncertainty  for  an  accurate  mass  measurement  can  be  estimated  using  a  correction 
factor. This data was also used to evaluate the uncertainty of calibration on a rapidly 
changing sample concentration.  
 
Using the dual sprayer configuration, Soton Mix, 1  g mL
 1, was infused at a constant 
rate, while the concentration of the sample, thiabendazole, was altered (see experimental 
section  7.2.2.)  The  data  were  internally  calibrated  with  Soton  Mix,  as  sample  and 
calibration were infused together via two different sprayers. The sample and calibrant 
ion populations were calculated and the MME reported (Figure 23). For this work, the 
uncertainty from calibration was additionally calculated to observe if any conclusions 
can be drawn from the changing ion populations with regards to uncertainty. 
 
The graph in Figure 31 shows the ion populations for both sample and calibrant and the 
uncertainty from calibration of each of the sample concentrations. It is possible to see 
that even when the sample concentration is changing (yellow bars) the uncertainty from 
the calibration (red line) is constant. This shows that regardless of sample concentration 
the uncertainty of internal calibration is not affected. However, Figure 31, which is 
Figure 23 but with mass measurement error data replaced with uncertainty of calibration 
data, it is clear that even though the uncertainty of  calibration is  unaffected  by the 
changing sample population, the MME is affected. This is due to the large total number 
of ions in the ICR cell. The sample is contributing a high percentage of the total ions. 
The cloud of ions attributed to the m/z value of the sample is large and can lead to space 
charge  effects on ions with the same mass to charge.
59 This can cause shifts in the 
cyclotron frequency of the sample ions and therefore will lead to a high MME.  
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Figure 31 – Total ion abundance (TIA) of sample & calibrant and uncertainty from calibration 
 
 
The overall uncertainty can be estimated using the data collected. Figure 32 shows a 
plot of MME against sample concentration for thiabendazole nominal m/z 202 using the 
dual sprayer configuration. There is a trend line fit applied which has a logarithmic 
function. The R
2 value is 0.96. This shows that as the sample concentration is increased, 
the MME also increases in a logarithmic fashion. It has been shown that the cyclotron 
frequency decreases with increasing total ion intensity
58 at higher m/z values (m/z ~3500 
using  MALDI  FT ICR  MS)  but  the  relationship  between  MME  and  sample 
concentration has not been addressed. This  logarithmic relationship between  sample 
concentration  and  MME  is  independent  of  calibration.  This  plot  can  be  easily 
constructed as a calibration curve in order to estimate the measurement uncertainty on 
the  correction  factor  which  would  need  to  be  applied  to  achieve  minimum  mass 
measurement errors.  
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Figure 32 – Sample concentration (ng/mL) against MME for thiabendazole [M + H]
+ nominal m/z 
202 using the dual sprayer configuration with line of best fit. 
 
 
From Figure 32, a new plot was constructed using the log of sample concentration to 
create a straight line function. The straight line is needed if the uncertainty interval for 
duplicate determinations is to be plotted.  
 
y = 3.3727x   8.3379
R
2 = 0.9604
 1
0
1
2
3
4
5
6
2 2.5 3 3.5 4 4.5 5
Log Sample Concentration (ng/mL)
A
b
s
o
l
u
t
e
 
E
r
r
o
r
 
(
p
p
m
)
 
Figure 33 – Log sample concentration (ng/mL) against MME for thiabendazole [M + H]
+ nominal 
m/z 202 using the dual sprayer configuration with line of best fit Chapter 8 – Uncertainty 
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The uncertainty interval can be calculated using Equation 11 from the straight line and 
then  placed  back  into  the  logarithmic  function.  This  is  shown  in  Figure  34.  The 
uncertainty  intervals  are  noted  by  the  dashed  lines  above  and  below  the  best  fit 
logarithmic  line  (black  line).  This  graph  shows  the  uncertainty  of  duplicate 
determinations from the measurements taken. 
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Figure 34 – Sample concentration (ng/mL) against MME for thiabendazole [M + H]
+ nominal m/z 
202 using the dual sprayer configuration. The uncertainty intervals are marked with a dashed line 
while the line of best fit is marked with a solid line 
 
 
Using  Figure  34,  a  relationship  between ion  population  and  MME  has  been  shown 
which is not accounted for by the measurement equation (Equation 8) and therefore the 
observed  mass  measurement  error  exceeds  the  estimated  uncertainty  range.  This 
component  has  not  been  included  in  the  uncertainty  estimations  and  is  not  an 
inconsequential factor.  
 
The correction factor is based on  the  relationship  between measured frequency and 
sample  and  calibrant  ion  populations.  There  will  be  different  correction  factors  for 
different calibrant and sample ion populations. The correction factor should be applied 
directly  to  the  frequency  in  Hz.  This  correction  factor  will  also  have  an  inherent 
uncertainty associated with it which can be calculated using the calibration and sample Chapter 8 – Uncertainty 
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frequencies  and  can  be  used  to  calculate  the  combined  uncertainty  and  then  the 
expanded uncertainty. 
The standard uncertainties will be used in the equation below to create the combined 
uncertainty. A worked example is shown in Equation 16, where the uncertainty on the 
mass m/z 202.0433 is calculated from thiabendazole 1  g mL
 1. The average measured 
mass was m/z 202.0431, with an average MME of 1.27 ppm and an uncertainty on the 
correction factor of 1.5 ppm. The correction factor was converted into mass. 
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Equation 16 
 
Using the above calculations, it is possible to say that the measurement taken has a 
combined uncertainty of 0.0003 m/z units which for mass m/z 202.033 is 1.50 ppm. This 
combined uncertainty can be converted into expanded uncertainty using the capacity 
factor, k, of 2 to give a 95% confidence. The final result, for this example, should be 
quoted as 202.0433 ± 3 ppm, for journal purposes. The value of uncertainty will create 
the ‘cut off’ limit for the list of possible elemental compositions. The consequences are 
that no elemental composition under 3 ppm should be discounted when assigning a 
possible elemental formula. 
 
Figure 35 show the possible molecular formula list if 3 ppm (expanded uncertainty) is 
used as the tolerance for measured mass m/z 202.0433, including elements C, H, N, O, 
Na, S, F and P. 14 possible hits are obtained, without applying any extra filtering. 
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Figure  35  –  Screenshot  from  Data  Analysis  3.3  (Bruker  Daltonics)  using  measured  mass  m/z 
202.0433 with a tolerance of 3 ppm 
 
 
Figure  36     Screenshot  from  Data  Analysis  3.3  (Bruker  Daltonics)  using  measured  mass  m/z 
202.0433 with a tolerance of 3 ppm with the nitrogen and R + DB rules applied Chapter 8 – Uncertainty 
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If the extra filtering is applied; i.e. the nitrogen rule and rings plus double bonds rule 
(see section 3.2) the list is reduced  by 8, to leave 6 possible hits. Only with more 
information  about  the  elemental  composition  can  more  formulae  be  discounted. 
Choosing an arbitrary tolerance value or even one based on repeat measurements could 
unnecessarily truncate the list of possible elemental formulae if the uncertainty of the 
measurement is not taken into consideration. 
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8.4  Conclusion 
The value of the uncertainty of calibration is determined by how accurate the calibration 
is. A poor calibration would in turn give large calibration residuals and would yield a 
larger uncertainty of calibration. Calibration residuals will depend on the instrument 
conditions when the calibration was recorded. Poor calibration can occur from the same 
areas  that  affect  the  MME;  poor  peak  shape  due  to  cell  overloading,  poor  optical 
parameters, poor source parameters etc. 
 
The  uncertainty  of  calibration  is  an  important  part  of  the  overall  uncertainty  and 
accounts for most of the uncertainty for an internally calibrated measurement. It does 
not, however, accurately estimate the overall uncertainty for an externally calibrated 
measurement. The uncertainty of calibration for externally calibrated measurement does 
not  encompass  the  MME.  This  means  that  other  uncertainty  components  are 
contributing  to  the  overall  uncertainty  of  an  externally  calibrated  accurate  mass 
measurement which are not accounted for in the defining equation.  
 
These other components are not accounted for in the original equation which describes 
the  accurate  mass  measurement  acquired  using  an  FT ICR  mass  spectrometer.  The 
model  does not accurately describe the measurement. Thus, a correction  factor was 
introduced. This correction factor was introduced that would be applied to the measured 
sample frequencies after calibration. The uncertainty of the correction factor can be 
calculated  by  plotting  the  relationship  of  frequency,  or  mass  measured  or  mass 
measurement  error  (in  the  above  case)  and  sample  ion  populations,  similar  to  a 
calibration curve. The uncertainty of the correction factor would be calculated in the 
same fashion as the uncertainty from calibration. The uncertainty of calibration and the 
uncertainty from the correction can be combined to give the overall uncertainty. Using 
these components, the expanded uncertainty of an accurate mass measurement has been 
calculated,  demonstrating  the  suitable  ‘cut off’  limit  to  be  applied  to  an  elemental 
composition list. Chapter 9 – Concluding Remarks 
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Chapter 9 – Concluding Remarks 
 
FT ICR MS has high resolving power, accuracy and precision which make it to be the 
perfect choice for accurate mass measurements. It can routinely give mass measurement 
errors  which  are  sub ppm.  However,  ion  trap  instruments,  such  as  FT ICR  mass 
spectrometers, are subject to space charge effects, shifts in the cyclotron frequency, 
which can be detrimental to mass accuracy if not accounted for. Studies have been 
conducted to reduce the space charge effects using mathematical solutions as well as 
experimentally  based  solutions.  Both  have  advantages  and  disadvantages.  The  main 
disadvantages are the time and expertise involved in utilising them and that they are 
often non routine and application specific.  
 
This work demonstrates a simple protocol which can be easily implemented and which 
works towards eliminating one of the biggest contributors to space charge. Overloading 
of the cell can lead to large drifts in frequency, due to the large number of ions inside 
the cell. This can be overcome by limiting the amount of ions entering the cell through 
using a dual sprayer approach which is applicable to a high throughput environment 
where external calibration is needed. This approach is much less labour intensive than 
altering the concentrations of solutions manually and still allows the use of external 
calibration.  
 
In  an  open  access,  high throughput  environment,  external  calibration  is  essential. 
Internal calibration requires more operator intervention, as calibrants have to be selected 
with the sample in mind. Internal calibration can provide greater MMA, as the sample 
and  calibrant  ions  experience  the  same  conditions  inside  the  ICR  cell.  However, 
external  calibration  can  have  comparable  results  when  ion  population  balancing  is 
employed. 
 
This study demonstrates that by having the calibrant ions in an excess of 3:1 of the 
sample  population,  minimum  MMEs  can  be  achieved.    The  dual  sprayer  approach 
allows the calibrant ion population to be externally altered simply by changing the flow 
rate, to match that of the calibrant. This means the dual sprayer approach is applicable Chapter 9 – Concluding Remarks 
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to  an  online  separation,  where  ion  abundance  cannot  be  controlled  easily  across  a 
chromatographic acquisition.  
 
This study has also highlighted the importance of including the uncertainty component 
when reporting a measurement. It has been demonstrated that the uncertainty of the 
measurement  must  be  taken  into  consideration  when  reporting  accurate  mass 
measurements. There is an inherent uncertainty with any measurement and validation 
work  has  been  conducted  using  other  measurements,  but  not  using  accurate  mass 
measurements.  This  study  has  mainly  focussed  on  the  uncertainty  component 
contributed by calibration, both external and internal. This factor is applicable to any 
accurate mass measurement, regardless of which type of instrumentation was used to 
obtain it. It has been shown that the defining model for an accurate mass measurement 
using FT ICR MS is incorrect as it omits a component. This was highlighted when the 
uncertainty  was  estimated  for  an  externally  calibrated  sample  and  the  uncertainty 
estimate  was  lower  than  the  expected  error  of  a  known  sample.  This  component 
contributing to uncertainty was estimated using logarithmic plots and the uncertainty of 
the component estimated and included in the overall uncertainty. 
 
The  approach  outlined  herein  for  estimating  the  uncertainty  for  an  accurate  mass 
measurement  would  not  have  to  be  performed  on  every  measurement.  Instead, 
uncertainty  components  based  on  mass  ranges  would  be  calculated.  The  example 
discussed in this work was the uncertainty estimate for ions of m/z 200. Then next step 
would  be  to  assess  the  uncertainty  for  m/z  300,  500  and  1000.  If  the  uncertainty 
estimates are similar for that mass range the uncertainty component could be used for 
any accurate mass measurement carried in a mass range from m/z 200 – 1000. In a high 
throughput environment once an acquisition has been made, the error can be reported 
with an uncertainty component that has been previously calculated.  
 
However, it will not only be the mass range that may affect uncertainty. The uncertainty 
will  also  vary  from  instrument  to  instrument.  Therefore,  this  protocol  should  be 
implemented for each instrument and each analyser type. It is also a recommendation of 
the author that periodical reviews are undertaken to ensure the instrument is maintaining 
performance by reassessing the uncertainty. This would be conducted using the same 
protocol  to  assess  the  uncertainty  of  the  accurate  mass  measurements  in  the  first Chapter 9 – Concluding Remarks 
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instance.  This  way  any  variations  can  be  tracked  and  any  significant  changes  in 
uncertainty  could  be  linked  to  a  larger  change  such  as  a  novice  operator  or  an 
instrument malfunction. 
 
The  uncertainty  calculations  can  be  made  using  a  simple  spreadsheet  as  shown  in 
Appendix  A.  Values  can  be  input  into  the  existing  spreadsheet  and  an  uncertainty 
generated.  In  the  future,  instrument  manufacturers  may  build in  the  uncertainty 
calculation into their software, making it easier to report an accurate mass measurement 
with an uncertainty component. 
 
It has been shown that even though a mass measurement error of a known compound 
(nominal m/z 202) was 1.27 ppm, the overall uncertainty was 3 ppm. The uncertainty 
can be used to set the tolerance on a list of possible elemental formulae. This means that 
all elemental composition with an error of less than 3 ppm must be considered when 
selecting appropriate elemental formulae. Using other factors, such as the nitrogen rule 
and  the  rings  plus  double  bonds  rule,  the  elemental  formulae  list  can  be  reduced. 
However, the uncertainty on the measurement will still remain.  
 
This protocol can be used to estimate the uncertainty on an accurate mass measurement 
and can be used to make decisions on suitable tolerance limits on a list of possible 
elemental formulae. It is the hope of the author that journals will only accept accurate 
mass measurements which are reported with an uncertainty component. 
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Appendix A 
 
The following pages provide an example as to how to lay out a spreadsheet in order to 
calculate the uncertainty from a calibration. The equations are those used in Chapter 4   
specifically Equation 10, Equation 11 and Equation 12. 
 
Note:  Due  to  the  large number  of  terms  in each  equation,  the  term, x,  denotes  the 
previous column’s answer for ease of interpretation.  
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